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Gels omposed of ross-linked poly(N-isopropylarylamide) (PNIPAM) hains an un-
dergo a phase transition as funtion of temperature in whih the network shrinks in a
ontinuous or disontinuous fashion. The volume transition in marosopi networks has
been studied extensively by T. Tanaka and others [1, 2℄. A review on work done on these
marosopi systems was given some time ago by Shibayama [3℄. Starting with early work
by Tanaka [4℄, many groups have developed syntheses of olloidal thermosensitive network
by e.g. emulsion polymerization. Two types of partiles an be prepared: Either the par-
tiles onsist totally of a PNIPAM-network [512℄ or the PNIPAM-network is polymerized
onto a solid ore [1320℄. A great number of possible appliations have been disussed
for these systems that inlude widely separate elds as e. g. protein adsorption [19, 20℄.
They have also been reently used as a template for the redution of metal nanopartiles
[2123℄ for appliations in atalysis [22, 23℄. A omprehensive review on the appliations
was given by Lyon [24℄.
They present a versatile phase behavior: on one hand they an behave like hard sphere
with a liquid-rystal transition below the ritial temperature [7, 9, 25, 26℄. On the other
hand in the absene of eletrostati stabilization or in saturated salt onentrations the
partiles beome attrative after the low ritial solution temperature. This leads to
a partially or totally reversible aggregation of the system in the dilute regime and to
the gelation of the system for higher onentrations [2730℄. The ne tuning of their
interpartiular potential an also be used for the assoiation with other partiles [31, 32℄.
Reently, the thermosensitive ore-shell partiles have attrated renewed interest as model
olloids, in partiular for a omprehensive study of the struture, dynamis, and ow be-
havior of onentrated suspensions [3341℄. Fig. 1.1 displays the overall struture and
the volume transition of these partiles in a shemati fashion: Immersed in water the
PNIPAM-shell of the partiles will swell if the temperature is low. However, raising the
temperature in the system beyond 32
o
C leads to a volume transition in whih the network
in the shell shrinks by expelling water. Thus, the eetive volume fration φeff determin-
ing the hydrodynami volume of the partiles an be adjusted through the temperature
in the system. Hene, dense suspensions an be ahieved out of a rather dilute state by
lowering the temperature.
Sen et al. were the rst to present investigations of the rheology of suh ore-shell
partiles [34℄. The advantages of these thermosensitive partiles over the lassial hard
sphere partiles used in previous investigations [42, 43℄ of the ow behavior are at hand:
The dense suspension is generated in situ thus avoiding shear and mehanial deformation
during preparation and lling into a rheometri devie. Also, all previous history aused
by shearing the suspension an simply be erased by raising the temperature and thus
lowering the volume fration again. The high volume fration an then be adjusted again
and a pristine sample being in full equilibrium at all length sales an be generated. Sen




Figure 1.1: Shemati representation of the volume transition in ore-shell mironetworks: The
polymer hains are axed to the surfae of the ore.
dependene of the visosity η on the shear rate γ˙. If the eetive volume fration of
the partiles is not too high, a rst Newtonian region is observed if the shear rate γ˙ is
small. Here the visosity η0 of the suspension measured in this rst Newtonian regime
an be signiantly larger than ηs the one of the pure solvent. At higher shear rates, the
perturbation of the mirostruture of the suspension by the advetive fores an no longer
be restored by the Brownian motion of the partiles. Hene, signiant shear thinning
will result in whih the redued visosity η/ηs is more and more lowered until one may
speulate that a seond Newtonian region is reahed.
Reently, Sen's data [34℄ have been used to hek the preditions of mode-oupling
theory (MCT) [44, 45℄ for the ow behavior of onentrated suspensions [39, 40℄. Good
agreement was reahed in this omparison employing shemati MCT models [39℄. Hene,
this omparison suggests that the thermosensitive partiles shown in Fig. 1.1 present an
exellent model system for the study of the dynamis of suspensions in the viinity of
the glass transition. However, no fully quantitative omparison of theory [44, 45℄ and
experiment inluding a disussion of the t parameters ould not have been done before
this work.
This work is dediated to the study of this omposite partiles. The rst part desribes
the haraterization of the partiles. Here we present the rst study of thermosensitive
ore-shell partiles and their volume transition (f. Figure 1.1) by ryogeni transmission
eletron mirosopy (ryo-TEM). The dependene on the degree of rosslinking and on the
temperature has been rst investigated. A new method was developed to quantitatively
analyzed the TEM and CryoTEM images in order to aess to the internal struture
of olloids. The dierent observation are ompared to data obtained by dynami light
sattering and small-angle X-ray sattering. The last part of the hapter fous on the
olloidal rystallization of the partiles.
The seond part explores the dynamis of this system in the viinity of the glass transition.
For this purpose a new rheologial set up is presented in the rst setion to measure the
linear visoelastiity of omplex uids on a bright frequeny range. In the seond hapter
of this part, an interpretation of the dynamis of the olloidal ore-shell dispersion in
equilibrium and in ow biased on the mode oupling theory is developed.
The last part of the thesis investigates the eld of the assoiation. First the temperature
ontrolled self-assoiation of the system is put under srutiny. Then the assoiation of
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these omposite mirogels with gold nanopartiles will be disussed.
3
2 Charaterization
2.1 Inuene of the degree of rosslinking on the
struture and swelling behavior of thermosensitive
ore-shell olloidal latexes.
2.1.1 Introdution
Environmentally sensitive mirogels have attrated onsiderable interest due to their abil-
ity to swell and de-swell in response to external stimuli suh as temperature, pH or
light radiation [4648℄. A great number of possible appliations have been disussed for
these systems. A omprehensive review on the appliations was given by Nayak and
Lyon [24℄. Mirogels of poly(N -isopropylarylamide) (PNIPAM) rosslinked by N,N ′-
methylenebisarylamide (BIS) have been of partiular interest. The temperature of the
volume transition is loated at 32
o
C in aqueous solution whih makes them suitable an-
didates for possible medial appliations suh as ontrolled release systems [19, 20℄. Other
appliations inlude e.g. the use of suh systems as arriers for metalli nanopartiles in
atalysis [22, 23℄.
The volume transition in marosopi networks has been studied extensively by T. Tanaka
and others [14℄. A thermodynami analysis of the transition an be done in terms of the
lassial Flory-Rehner theory [4953℄. Hene, the volume transtition in marosopi gels
seems to be rather well understood. For details the reader is deferred to the review of
Shibayama [3℄. Mirogels with dimensions in the olloidal domain have been the subjet
of a large number of experimental studies in reent years. The investigations range from
measurements of the marosopi properties, suh as turbidity [54, 55℄, high sensitive
sanning miroalorimetry [5557℄, rheology [7, 34℄, to experiments probing moleular
interations suh as nulear magneti resonane [56, 58℄, light sattering [7, 13, 34, 49,
55, 56, 58, 59℄, small-angle X-ray and neutron sattering [17, 49, 5964℄. Compared to
marosopi gels, the degree of understanding of mirogels is muh less advaned, however.
This hapter is devoted to a omprehensive study of thermosensitive ore-shell partiles
in aqueous solution. These partiles have been synthesized by us [17, 6365℄ and by
others [13, 59℄. They have been used as model system for the study of the ow behavior
of onentrated suspensions [39, 40℄. The results obtained so far provide an exellent test
for the mode-oupling theory of the dynamis of dense olloidal systems [39, 40, 44, 45℄.
A further point ommanding attention is the rystallization of these partiles. Given
the fat that the shell of these partiles onsist of a ompressible network, this point is
ertainly in need of further eluidation and will be disussed in the hapter 2.3.
In this hapter we demonstrate that ryogeni transmission eletron mirosopy (Cryo-
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TEM) was highly suited to study these ore-shell partiles in situ [22, 23, 65℄. Cryo-
TEM allows us to visualize the partiles diretly in the aqueous phase by shok-freezing
of a suspension of the partiles. The volume transition was for the rst time diretly
made visible at dierent temperatures, inluding temperatures below and above room
temperature, and an be ompared to data obtained by small-angle X-ray sattering and
dynami light sattering. Moreover, the swelling of the network is modeled in terms of the
Flory-Rehner theory. Speial attention is paid to the interplay of the degree of rosslinking




The ore-shell partiles were synthesized in a two-step reation as desribed in ref. [17℄.
The ore partiles were obtained by emulsion polymerization and used as seed for the
radial polymerization of the ross-linked shell.
Chemial
N-isopropylarylamide (NIPAM; Aldrih), N,N ′-methylenebisarylamide (BIS; Fluka),
sodium dodeyl sulfate (SDS; Fluka), and potassium peroxodisulfate (KPS; Fluka) were
used as reeived. Styrene (BASF) was washed with KOH solution and distilled prior
to use. Water was puried using reverse osmosis (MilliRO; Millipore) and ion exhange
(MilliQ; Millipore).
Core latex
Emulsion polymerization has been done using a 1-L ask equipped with a stirrer, a reux
ondenser, and a thermometer. The reipe for the ore latex is given in the following: SDS
and NIPAM were dissolved in pure water with stirring and the solution is degassed by
repeated evauation under nitrogen atmosphere. After addition of styrene, the mixture
is heated to 80
oC under an atmosphere of nitrogen. The initiator KPS dissolved in
15 mL of water is added while the mixture is stirred with 300 rpm. After 8 h the
latex is ooled to room temperature and ltered through glass wool to remove traes of
oagulum. Puriation was done by dialysis of the latex against 2.5·10−3 M KCl solution
for approximately 3 weeks (Mediell, 12000-14000 Dalton). The masses of the dierent




Table 2.2: Synthesis of the ore-shell Laties.
Core-shell Latex KS1 KS2 KS3 KS4
(ross-linking [mol.%℄) 1.25 2.5 5 2.5
Core Latex [wt.%℄ 20.1 18.9 21 19.5
Core Latex [g℄ 199.0 211.5 190.5 205.1
NiPA [g℄ 38.0 38.0 38.0 19.0
BIS [g℄ 0.6480 1.2959 2.5885 0.6470
KPS in 10 ml H2O [g℄ 0.3834 0.3814 0.3812 0.3838
H2O [g℄ 542.4 535.8 568.2 363.5
mPS/mshell 1.06 1.03 - 1.05
The seeded emulsion polymerization for the ore-shell system under onsideration here
was done using 100 g of the ore latex diluted with 320 g of deionized water together with
20 g of NIPAM and 1.43 g of BIS. No additional SDS was added in this step. After this
stirred mixture has been heated to 80
oC, the reation is started by the addition of 0.201
g of KPS (dissolved in 15 mL of water) and the entire mixture is allowed to stir for 4 h
at this temperature. After ooling to room temperature the latex has been puried by
exhaustive serum replaement against puried water (membrane: ellulose nitrate with a
0.10-µm pore width supplied by Shleiher and Shuell). The ells ontain 750 ml. The
puriation was performed on ira 10 wt.% solution under 1, 2 bar nitrogen and used to
onentrate the initial solutions and to adjust the salt onentration. The masses of the
dierent reatants used for the synthesis of the dierent ore-shell systems are summarized
in the table 2.2.
Methods
Transmission eletron mirosopy
Samples for TEM were prepared by plaing a drop of the 0.2 wt.% solution on a arbon-
oated opper grid. After few seonds, exess solution was removed by blotting with lter
paper. The ryo-TEM preparation was done on dilute samples (0.2 wt.%). The sample was
kept at room temperature and vitried rapidly by the method desribed previously [66℄.
A few miroliters of diluted emulsion were plaed on a bare opper TEM grid (Plano, 600
mesh) held by the tweezers of the Controlled Environment Vitriation System (CEVS).
The dimensions of the holes where the sample is absorbed and vitried are 35× 35× 10
µm. The exess liquid was removed with lter paper. Typially the lm thikness where
the partiles are investigated ranges between 1 µm and the diameter of the partiles
(∼100 nm). This sample was ryo-xed by rapid immersing into liquid ethane ooled to
-180
oC in a ryo-box (Carl Zeiss NTS GmbH). The speimen was inserted into a ryo-
transfer holder (CT3500, Gatan, Munih, Germany) and transferred to a Zeiss EM922
EFTEM (Zeiss NTS GmbH, Oberkohen, Germany). Examinations were arried out at
temperatures around -180
oC. The TEM was operated at an aeleration voltage of 200
kV . Zero-loss ltered images were taken under redued dose onditions (<21000 e−/nm2)
with an aperture α0 = 10 mrad at a magniation of 16000X. All images were reorded
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thermosensitive 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Table 2.3: Summary of the dierent parameters used for the normalization of the sattering in-
tensity prole (see text for further details).
Systems c [g/cm3] crosslinking [mol.%] mcore
mshell
N/V [nm−3]
Core 0.060 - - 9.62.10
−8
KS1 0.032 1.25 1.19 1.99.10
−8
KS2 0.023 2.50 1.15 2.79.10
−8




digitally by a bottom-mounted 16 bit CCD amera system (UltraSan 1000, Gatan). To
avoid any saturation of the gray values all the measurements were taken with intensity
below 15000, onsidering that the maximum value for a 16 bit amera is 216. Images
have been proessed with a digital imaging proessing system (Digital Mirograph 3.9 for
GMS 1.4, Gatan). The experiment at 45
oC were performed in an Oxford CT-3500 (now:
Gatan, Pleasanton, CA) ryo-holder, and were examined in an FEI (The Netherlands)
T12 G
2
dediated ryogeni-temperature transmission eletron mirosope.
Dynami light sattering
Dynami light sattering (DLS) was done using a Peters ALV 5000 light sattering go-
niometer equipped with a He-Ne laser (λ = 632.8 nm). The temperature was ontrolled
with an auray of 0.1
oC. The samples were highly diluted (c = 2.5.10−3 wt.%) to pre-
vent multiple sattering and ltered through a 1.2 µm lter to remove dust. The salt
onentration in KCl was set to 10
−4 mol.L−1 and 5.10−2 mol.L−1. The measurements
were performed at a sattering angle of 90
o
for temperatures between 10 and 50
oC.
Small-angle X-Ray sattering
Small-angle X-Ray sattering experiments have been performed on both ore and ore-
shell systems. Most of the SAXS measurements reported here have been performed at the
ID2 beamline at the European Synhrotron Radiation Faility (ESRF, Grenoble, Frane).
The diameter of the X-ray beam was 150 µm and the inident wave length equals to 0.1
nm. SAXS pattern were reorded with a two-dimensional amera loated at a distane
of 5 m from the sample within an evauated ight tube. The bakground sattering has
been subtrated from the data and orretions were made for spatial distortions and for
the detetor eieny. The onentrations of the laties varies between 2 and 6 wt.%
(see Table 2.3). For the latex onentrations used here we assume that the inuene of
interpartiular interferenes an be dismissed without problems and that the struture
fator S(q) is equal to 1 [17, 67℄.
In order to hek the detetor the same ore solution has been measured on a modied
Kratky amera for q between 0.03 and 4 nm−1. The desription of the amera and of the
evaluation of the sattering is given elsewhere [17℄.
The density of the shell has been alulated onsidering the value of the density of the
polystyrene ore (1.0525 g/cm3), the density of the ore-shell for the KS2 at 25 oC (1.098






̺−1core−shell − ̺−1core(mPS/mshell)/(1 +mPS/mshell)
(2.1)
The shell density derives from this alulation is equal to 1.149 g/cm3. The same alula-
tion performed this time onsidering the density of the ore partiles (1.059 g/cm3) and
the mass ratio between the ore partiles and the shell polymerized in the seond step of
the polymerizationmcore/mshell (1.15) gives a value of 1.147 g/cm
3
. The same alulation
performed on the KS1 onsidering the density of the ore-shell measured at 20
oC (1.098
g/cm3) and the dierent mass-ratios (mPS/mshell = 1.06, mcore/mshell = 1.19) gives re-
spetively a density of 1.151 and 1.148 g/cm3. The dierent results for the two systems
obtained from the two alulations are in good agreement within the experimental error,
whih is mostly oming from the determination of the mass ratio by gravimetry. For the
rest of the work the density for the PNIPAM and for the ross-linked shell will be on-
sidered equal to 1.149 g/cm3. In this way the density value of the shell is slightly higher
than the density of pure PNIPAM in water as determined by Shibayama and al. (1.140
g/cm3) [1℄, whih is natural onsidering the ross-linking of the system.





with ̺ the density of the system, M and ne− the moleular weight and the number
of eletrons per onstituting moleules. From the density values the exess eletroni
density ∆̺e of the ross-linked shell follows as 45.5 e
−/nm3. The respetive quantity of
polystyrene is 7.5 e−/nm3 at 25 oC. These numbers dene the ontrast in SAXS of these
polymers in water.
The sattering density prole have been normalized by the number of partiles per volume
N/V (in nm−3) in order to obtain the sattering of one single partile I0. The quantity
N/V derives from the mass onentration of the dispersion c (in g/cm3), from the ratio
ore/shell mcore/mshell determined by gravimetry, and from the radius of the ore Rc and





To this purpose the value of Rc was onsidered equal to 52 nm from the gaussian t of the
size distribution determined from the ryoTEM analysis (see setion 2.2). The dierent
parameters for the normalization of the urves are indiated in the table 2.3. Note that
the mass ration ore/shell of the KS3 has not been determined gravimetrially but derived
from the phase diagram present in the setion rystallization (see setion 2.3).
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2.1 Inuene of the degree of rosslinking on the struture and swelling behavior of
thermosensitive ore-shell olloidal latexes.
2.1.3 Theoretial bakground
Flory-Rehner theory
The marosopi state of a homogeneous neutral gel is desribed within the lassial Flory-
Rehner theory. Here we follow the exposition of this model given in Ref. [49℄. Hene, it
sues to delineate the main steps.




















where kB is the Boltzmann onstant, a is the monomer segment length, χ is the Flory
interation parameter, φ is the polymer volume fration, φ0 refers to the polymer volume
fration at a referene state andNgel is the average degree of polymerization of the polymer
hain between two rosslinking points. For systems undergoing isotropi swelling, the
swelling of the mirogel an be desribed as the ratio of the average polymer volume











with RH the hydrodynami radius of the ore shell at the temperature T and RH,ref the
radius et the referene state after the omplete ollapse of the shell measured at 45
oC.
Rc denotes the radius of the ore partiles determined from the ryogenized transmission
















where A = (2∆S + kB)/2kB and Θ = 2∆H/(2∆S + kB). ∆S and ∆H are the hanges
in entropy and enthalpy of the proess, respetively. It has been shown that χ inreases
nonlinearly with inreasing onentration of polymer (see e.g. Ref. [68℄ and further
literature ited therein)
χ(T, φ) = χ1(T ) + χ2φ+ χ3φ
2 + ... (2.7)
with χ1 orresponding to equation (3). Following Ref. [49℄ we will only onsider the rst













Thermodynami equilibrium for the gel is attained when Π = 0, i.e., if the pressure inside
and outside the gel is the same. Combining eq. 2.4 and eq. 2.8, the equilibrium line in





−φ− ln(1− φ) + (A− 1
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The sattering intensity I(q) measured for a suspension of partiles with spherial sym-
metry may be rendered as the produt of I0(q), the sattering intensity of an isolated
partile, and S(q), the struture fator that takes into aount the mutual interation of
the partiles:
I(q) = (N/V )I0(q)S(q) (2.10)
where N/V denotes the number density of the sattering objets. A previous disussion of
S(q) for systems of spherial partiles has demonstrated that the inuene of the struture
fator is restrited to the region of smallest q values when the onentration of the partiles
is small. Its inuene onto the measured sattering intensity an therefore be disregarded
in the present analysis. Hene, S(q) = 1 will be assumed in the following [67℄.
The sattering intensity of one single partile an be deomposed in priniple in three
terms [17, 63, 64, 67℄:
I0(q) = Ipart(q) + Ifluc,PS(q) + Ifluc,shell(q) (2.11)
Ipart(q) is the part of I0(q) due to the ore-shell struture of the partiles (i.e., the
sattering intensity aused by omposite partiles having a homogeneous ore and
shell) [63, 64℄. The ore and the shell are haraterized by dierent eletron densities.
Ifluc,PS(q) and Ifluc,shell(q) refer to the thermal utuation of the PS ore and the
PNIPAM shell respetively. The shell, however, does not onsist of a solid material but
of a polymeri network whih exhibits stati inhomogeneities and thermal utuations,
for this reason we negleted the ontribution of the utuation of the PS ore and we
only take into aount Ifluc,shell(q). For spherial symmetri partiles with radius R,
Ipart(q) is equal to B







The sattering ontrast is the dierene of the sattering length density of the polymer
and the surrounding solvent ∆̺e(r) = ̺e,p(r) − ̺e,w. By multiplying the polymer
fration φ(r) prole by the sattering ontrast respetively of the polystyrene for
the ore (∆̺e,PS = 7.5 e.u/nm
3
) and of the ross-linked PNIPAM for the shell
(∆̺e,PNIPAM = 45.5 e.u/nm
3
; see setion Methods), we obtained the eletron density
prole neessary for the alulation of the sattering intensity.
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thermosensitive 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olloidal latexes.
Figure 2.1: Cryo-TEM mirographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM ore-
shell partiles for dierent degrees of rosslinking: (a) KS1 1.25 M%, (b) KS2 2.5 M%
and () KS3 5 M%. The samples were kept at room temperature before vitriation.
The ore onsists of polystyrene and the orona of PNIPAM ross-linked with BIS.
The full and dashed lines show the hydrodynami radii respetively of the ore and
ore-shell partiles as determined by DLS.














with 〈R〉 the average radius and σ the standard deviation. Here, it sues to mention
that the polydispersity smears out the deep minima of Ipart(q) to a ertain extent [63, 64℄.
For the evaluation of the part of the sattering aused by the thermal density utuations





where the average orrelation length in the network is desribed by ξ. Ifluc ontributes
signiantly only in the high q regime.
2.1.4 Results and disussion
Cryogeni eletron mirosopy
The synthesis of the ore-shell partiles proeeds in two steps [17℄: First a poly(styrene)
ore is synthesized by onventional emulsion polymerization. The ore partiles thus
obtained are pratially monodisperse and well-dened. A radius of 52.0 nm and a poly-
dispersity of 4% were derived from the ryoTEM mirographs (see setion 2.2), whereas
the dynami light sattering gives a value of 55.0 nm between 8 and 45oC. As expeted
the radius of the ore partiles as observed by DLS has no dependene on the temperature.
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2 Charaterization
Figure 2.2: Cryo-TEM mirographs of a 0.2 wt.% aqueous suspension of the PS/PNIPAM ore-
shell partiles. The sample was maintained at 23
o
C (left-hand side) and 45
o
C (right-
hand side) before vitriation. The ores onsists of polystyrene and the orona of
ross-linked PNIPAM with BIS. The irle around the ore marks the ore-radius
determined by dynami light sattering in solution. The irles around the entire
partile gives the hydrodynami radius RH of the ore-shell partiles again determined
by dynami light sattering taken from Fig. 2.7
It needs to be noted that the ore partiles bear a small number of hemially bound
harges on their surfae. This is due to the synthesis of the ores whih proeeds
through a onventional emulsion polymerization. These harges keep the solution stable
even at high temperature. In a seond step the thermosensitive shell is polymerized at
higher temperatures (80
oC) onto these ore partiles in a seeded emulsion polymerization.
Fig. 2.1 shows the mirographs obtained for dierent degrees of rosslinking by ryo-
TEM. For the analysis a suspension of the partiles is shok-frozen in liquid ethane. The
water is superooled by this proedure to form a glass and the partiles an diretly be
studied upon in-situ. Fig. 2.1 shows that the ore-shell partiles are indeed narrowly
distributed. Moreover, the PNIPAM shell is learly visible in these pitures without
using any ontrast agent. All the polystyrene ores observed are overed by the PNIPAM
shell leading to a partially spherial shape. This is aompanied by parts of the network
of higher and lower transmission whih an be assigned to the density utuations
and the spatial inhomogeneities in the network. This orresponds to the additional
ontribution seen in SAXS measurements of similar ore-shell partiles. As argued in ref.
[49, 63, 64℄, the sattering intensity ontains a term related to spatial inhomogeneities
of the network found for marosopi networks and predited by theory [3℄. Hene,
Figure 2.1 provides a diret visual proof of an important onlusion drawn from previous
sattering measurements. Moreover, the present mirographs suggest that these utu-
ations lead to a slightly irregular shape that may be also embodied in the ontribution
to the sattering intensity measured at higher sattering angles. The bukling of the
shell whih is dereasing with inreasing rosslinking an be related to the instabilities of
swelling gels ourring at the surfae of swollen gels axed to solid substrate. A review of
the studies of this eet related to marosopi systems was given by Boudaoud et al. [69℄.
Figure 2.1 also demonstrates that the thermosensitive shell is in some ases not fully
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attahed to the ore. This sheds new light on the seond step in the synthesis of the
ore-shell partiles: The analysis of the ore partiles by SAXS showed that the addition
of 5% NIPAM during the synthesis of the ore leads to a thin shell of PNIPAM at the
surfae of the ore partiles [17℄. The shell will be bound to the ore most probably
by hain transfer of the growing PNIPAM network to the thin PNIPAM-shell overing
the ore. The mirographs demonstrate, however, that this binding is inomplete. At
high temperatures during the synthesis of the shell the growing network is ollapsed onto
the ore. Thus, the shell is expeted to be rather homogeneous at temperatures above
the volume transition. This was shown experimentally by SANS [63℄. It will also be
shown below that the volume fration φ0 whih follows from the Flory-Rehner analysis
will be high and demonstrate the small degree of swelling of the network during synthesis.
However, hain transfer does not lead to omplete attahment of the shell to the ores in
this step. Hene, the three-dimensional swelling of the shell below the transition must lead
to a partial detahment of the shells. Fig. 2.1 demonstrates that this eet is dereasing
with inreasing degree of ross-linking as expeted.
The phase transition in the shell an be diretly imaged by CryoTEM analysis. Fig. 2.2
is an example of the mirographs resulting from the system KS2 quenhed from 45
oC.
Here we hose a higher magniation to display the details of the partiles more learly.
Naturally, this experiment is more diult beause vitriation must be muh faster than
the relaxation time haraterizing the shrinking kinetis of the partiles. However, Fig.
2.2b in omparison to 2.2a learly shows that the partiles have shrunken onsiderably.
Moreover, the shell has been ompated by this shrinking proess and provides now a tight
envelope of the ores. This is expeted given the fat that the shell has been attahed to
the ore at even higher temperatures. Moreover, the ompatness of the shell had already
been dedued from SANS-measurements [63, 64℄.
Small-angle X-ray sattering
Core partiles
First the sattering intensity prole has been evaluated for the ore partiles. Fig. 2.3
presents the experimental sattering intensity of one isolated partiles I0(q) obtained from
the synhrotron and from the modied Kratky amera. Both measurements superpose
until q = 0.6 nm−1, even if the resolution of the synhrotron is better for the small
q. Above this q value the signal is beoming to noisy to be evaluated in opposition
to the Kratky amera, whih is more appropriate for the higher q ause of its shorter
distane soure detetor. For this reason the following sattering intensities I0(q) have
been evaluated only up to 0.6 nm−1. A simple t onsidering an homogeneous polystyrene
partile of 52 nm sueeds to desribe the position of the side maxima. At higher q-values
the measured sattering is onsiderably higher than the one alulated for a homogeneous
sphere. This fat onrms the presene of a thin PNIPAM layer at the interfae.
The best t was obtained for a ore-shell prole with a dense polystyrene ore of 48 nm.
The SAXS analysis of the ore partiles demonstrates furthermore that a small fration
of PNIPAM is loated in a thin 2 nm shell at the surfae of the partiles. The eletron
density of this shell (23.0 e−nm−3) exhibits a onsiderably higher density than the ore
































Figure 2.3: Sattering intensity of an isolated partile, I0(q) = I(q)/(N/V ) obtained for the ore
partiles from the synhrotron (irles) and from the modied Kratky amera (tri-
angles). The dashed line presents the sattering intensity prole of a pure 52 nm
polystyrene partiles. The solid line is the best t obtained for a ore-shell system
with a 48 nm polystyrene ore and a 2 nm thin PNIPAM shell with an eletroni
density of 23 e−/nm3 (see inset).
the SAXS to detet thin polymer layer at solid ore interfae has been already found in
former studies for similar systems [64℄ and also in the adsorption of surfatant on ore
laties [70℄. The t proedure also shows that the size distribution of the ore partiles
is rather small with a polydispersity of 5.0%. Considering the eletron density of the
PNIPAM alulated formerly this value orresponds to a polymer volume fration of 0.5.
The mass perentage of PNIPAM in the ore deriving from this analysis is 6.7 %, whih
remains rather lose to the 5 % introdued at the beginning of the opolymerization of
the ore partiles. Moreover the average size of 50 nm is in good agreement with the
average value obtained by TEM and ryoTEM with a deviation of less than 4 % (see
setion 2.2). The deviation with the hydrodynami radius of 55 nm determined by DLS
is muh higher. Nevertheless this value refers to an intensity weighted average whereas the
two others methods refer to number weighted average. A number distribution obtained
from the CONTIN analysis will thus lay around 50 nm in good agreement with the others
methods.
Core-shell partiles
The same analysis has been performed on dierent ore-shell systems. Fig. 2.4 presents
the dierent I0(q) obtained for dierent degrees of rosslinking. I0(q) desribes a single
maximum for 1.25 mol.% rosslinking, then two maxima for 2.5 mol.% and three maxima
for 5 mol.%. Moreover the intensity in the low q region is inreasing. This learly
indiates that inreasing the degree of rosslinking leads to more dened and more ompat
partiles. Moreover the rst maximum is slightly shifted to the left whih is an indiation
of a derease in the size of the partiles in agreement with the diret observation done by
ryoTEM. A paraboli prole has been onsidered for the shell as proposed by Berndt et
al. in their investigation of PNIPAM mirogels [60℄, PNIPAM/PNIPMAM [61, 71℄ and
PNIPMAM/PNIPAM omposite mirogels [62℄.
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Figure 2.4: Sattering intensities I0(q) = I(q)/(N/V ) obtained for the dierent degrees of
rosslinking: KS1 (1.25 mol.%) (squares); KS2 (2.5 mol.%) (irles) and KS3 (5
mol.%)(triangles).
Table 2.4: Fit parameters used for the alulation of the sattering intensity prole I0(q) (see g.
2.5). mcore/mshell, ξ and R are the mass ratio ore/shell, the orrelation length and the
overall size of the systems derived from this analysis. RH is the hydrodynami radius
derived from the dynami light sattering at 23
oC (see gure 2.7). The orresponding
polymer volume fration prole are given in the g. 2.6.
Systems K Rhw [nm] σ [nm℄ PDI [%]
mcore
mshell
ξ [nm] R [nm] RH [nm℄
KS1 0.160 85 20 8.0 1.38 10 105 124.6
KS2 0.284 77 17 8.0 1.14 7 94 112.4
KS3 0.435 72 12 6.0 1.03 7 84 107.0
The following relation has been used to desribe the polymer volume fration prole for




1 : r ≤ Rc
1− (Rhw − r + σ)2/(2σ2) : Rc < r ≤ Rhw
(r − Rhw + σ)2/(2σ2) : Rhw < r ≤ Rhw + σ
0 : Rhw + σ < r
(2.15)
K is a prefator, Rc is the radius of the ore and Rhw is the half-width radius and σ the
half-width.
The prole for the ore has been kept idential to the one derived from the ore analysis
in the preedent setion. The prole of the ore-shell partiles has been then introdued
in equation 2.12 to alulate Ipart(q). The polydispersity whih is smearing the maximum
has been introdued in term of a Gaussian distribution. Fig. 2.5 displays the dierent
sattering intensity proles normalized by N/V and the best t obtained for eah
system. The dashed lines refer to Ipart(q) and the dotted lines refer to Ifluc(q). The
best t derives from the sum of these two ontributions and is displayed by the solid







































Figure 2.5: Form fator P (q) = I(q)/(N/V ) obtained for dierent degree of rosslinking: KS1
(1.25 mol.%), KS2 (2.5 mol.%), KS3 (5 mol.%). The irles display the experimental
measurements. The long dashed lines are the alulated Ipart(q), whereas the dashed
lines represent the ontribution of the thermal density utuations Ifluc(q). The sum
of this two ontributions are given by the solid lines, whih orrespond of the best
t of the experimental data. The t parameters are given in the table 2.4 and the
orresponding polymer volume fration prole in the g. 2.6.
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Figure 2.6: Radial polymer eetive volume fration φ(r) obtained from the SAXS analysis for the
dierent degrees of rosslinking: KS1 (1.25 mol.%) (dotted line); KS2 (2.5 mol.%)
(dashed line), KS3 (5 mol.%)(solid line). The proles onsist on a dense 48 nm
polystyrene ore with a 2 nm thin PNIPAM shell onto whih a the rossslinked shell
has been polymerized. The analysis onsiders a paraboli prole for the shell as given
in equation 2.15. The dierent t parameters are given in table 2.4.
investigated. The dierent t parameters are summarized in the table 2.4. The polymer
volume fration prole an be extrated from the t of the sattering experiments and
is presented in Fig. 2.6. As already observed by ryoTEM, inreasing the degree of
rosslinking leads to a more ompat struture and to a more pronouned depletion at
the ore/shell interfae . The ore/shell mass ratio derived from the dierent proles is
in good agreement with the value obtained by gravitometry, exept for the lower degree
of rosslinking. This ould be attributed by a lak of ontrast for a too diuse shell.
Moreover the size is also dereasing as already observed from the dynami light sattering
experiments (see g. 2.7). Nevertheless the radius is about 16, 16 and 21 % smaller
ompared to the hydrodynami radius of the KS1, KS2 and KS3 determined by dynami
light sattering. This was attributed in a former study to the presene of dangling hains
whih ould not be deteted by SAXS or SANS but only by DLS [63℄. Nevertheless the
diret imaging of the partiles by ryoTEM evidened the strong bukling of the partiles.
The disrepany between the two methods an be explained as follows: Mirogels are
dynami strutures whih exhibit thermal utuations. Moreover, the synthesis leads to
the bukling up of the shell as disussed already. Hene, the shape of the partiles is not
perfetly spherial. A rotational average hene will result in a larger size. This point will
be disussed in further details in the next hapter dediating to the quantitative analysis
of the ryo-TEM mirograhs (see hapter 2.2).
Thermodynamis of the phase transition
The volume transition within the shell an easily be studied by dynami light sattering


















Figure 2.7: Hydrodynami radii of the ore-shell latexes versus temperature for dierent degrees
of rosslinking, as determined by DLS (irles: 1.25 mol.%, squares: 2.5 mol.%,
triangles: 5 mol.%). Full symbols represent the measurements without addition of
salt, whereas hollow symbols display the measurements performed by adding 5.10
−2
mol.L−1 KCl.
mirogels determined by DLS as funtion of the temperature. RH dereases gradually with
temperature until a sharp volume transition from swollen to unswollen states takes plae,
reahing a nal ollapsed size at a transition temperature between 34 and 38
oC depending
on the degree of rosslinking. Inreasing the degree of rosslinking the transition beomes
more ontinuous and the ollapse state is shifted to higher temperatures. Without addition
of salt this proess is thermoreversible without any hysteresis.
The omparison between the overall size observed from the mirographs and the hy-
drodynami radius as determined by the DLS an be observed in the Fig. 2.7. The
hydrodynami radius RH as measured by DLS indiated in eah ase as a shed irle
around one partile evidently provides an appropriate measure of the average radius of
the partiles. Moreover we found that the overall radius of the partiles from these mi-
rographs is in good agreement with the hydrodynami radius measured at 45
oC (dashed
irle). This indiates that the proess of quenhing is suiently fast to preserve the
high-temperature struture. This nding is quite important inasmuh it shows that the
method of preparation does not disturb the struture of the thermosensitive partiles.
This fat is of great importane when determining the eetive volume fration of the
partiles in a onentrated suspension. Addition of 5.10
−2 mol.L−1 KCl leads to a slight
shrinking of the partiles. This phenomenon has been already investigated in a reent
study [72℄. The addition of salt sreens the residual eletrostati interation of the parti-
les. Hene, at higher temperatures the dispersions beome unstable and aggregate [72℄.
For the systems under onsideration aggregation takes plae above 32
oC for the KS1 and
about 33
oC for the KS2 and KS3. Evidently, experiments aiming at an understanding of
the ow behavior of stable suspensions must be done below these temperatures. On the
other hand, salt must be added for a suient sreening of the eletrostati interation
in order to obtain a model dispersions that interats solely through steri repulsion.
We an now disuss the modeling of the swelling data shown in Fig. 2.7 in terms of the
Flory-Rehner theory. Parameter of the dierent sets of data is the degree of rosslinking.
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Figure 2.8: Experimental phase diagram T − φ for dierent degrees of rosslinkings (full irles:
1.25 mol.%, full squares: 2.5 mol.%, hollow triangles: 5 mol.%). Lines present
the ts obtained from eq.(2.9℄. The vertial dashed line marks the referene volume
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Figure 2.9: Solvent parameter χ as determined from the ts of g. 2.8 for dierent degrees of
rosslinking (full irles: 1.25 mol.%, full squares: 2.5 mol.%, hollow triangles: 5
mol.%). Dereasing the degree of rosslinking the PNIPAM network shrinks upon
heating from a ontinuous to a disontinuous fashion to reah a ollapsed state for
χ =1. χ =0.5 is indiated by the dashed line and lays approximately at 32oC, whih
orresponds to the LCST of pure PNIPAM in aqueous solution.
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Table 2.5: Parameters of the Flory-Rehner t. (eq. 2.9 and Fig. 2.8).
KS1 KS2 KS3
n(BIS)/n(NiPAM) [mol.%℄ 1,25 2,50 5,00
φ0 0,7 0,7 0,7
A -8,7 -8,7 -8,7
χ2 0,9 0,9 0,9
Θ [K℄ 312 314 316
NGel 80 45 22
LCST [
o
C℄ 31.7 32.3 32.2
T (χ = 1) [oC℄ 35.1 36.2 38.2
The t proedure used to model the phase transition is the same as reported reently [49℄.
The ts are presented together with the experimental data as shown in the T −φ diagram
(Fig. 2.8). The resultant tting parameters are summarized in the table 2.5. Considering
that only the amount of rosslinker is hanging, we keep the same value for φ0, A and χ2
for all the systems and we only vary θ and N .
For the present system the best agreement for the referene polymer volume fration in
the ollapsed state has been found for φ0 = 0.7. This value has already been expeted
from the previous analysis of the partiles by SAXS and SANS [63℄. Indeed as reported
by reent nulear magneti resonane measurements water moleules are still present in
the shell above the LCST but they are strongly onned [58℄.
The N values (see table 2.4) found are proportional to the degree of rosslinking but are
about two times larger than those orresponding to the rosslinking in a homogeneous
network. A ontent of 2.5mol.% of the rosslinker BIS would orrespond toNgel =20. This
disrepany an be traed bak to the inhomogeneities in the PNIPAM mirogels. Indeed,
Wu et al. [73℄ investigated the polymerization of NIPAM and BIS during the mirogel
synthesis. The rosslinker was found to be onsumed faster than the NIPAM indiating
that the partiles are unlikely to have a uniform omposition. This nding has been
onrmed by SAXS and SANS, revealing that the segment density in the swollen state is
not homogeneous, but gradually deays at the surfae [60, 63℄. Moreover high-sensitive
alorimetri study have onrmed this assumption [55℄. Given the various unertainties of
the Flory-Rehner analysis, the present ts seem to provide a suient desription of the
data. Moreover, it should be kept in mind that the original theory has been developed for
marosopi, three-dimensional networks while it is applied here to mirosopi systems
whih an swell only along the radial diretion.
Fig. 2.9 displays the evolution of the solvent parameter χ derived from the t from the
g. 2.8 as funtion of the temperature for the three systems. The LCST then orresponds
to the temperature where χ is equal to 0.5. We found that inreasing the ross-linking
slightly shifts the LCST to higher temperature between 1.25 and 2.5 mol.% rosslinker,
but the LCST found from this analysis is rather lose to 32
oC whih orresponds to
the LCST of linear PNIPAM hains [55℄. On the ontrary the temperature where the
shell is totally ollapsed obtained from χ = 1 shifts from 35.1 to 38.2 oC with inreasing
rosslinking, whih an be attributed to a higher rubber elastiity of the network. This
illustrates the transition from a sharp to a ontinuous volume transition by inreasing the
rosslinking of the shell.
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thermosensitive ore-shell olloidal latexes.
The present analysis thus demonstrates that the ore-shell mirogels an be modelled in
the same way as marosopi systems.
2.1.5 Summary
In this hapter, omposite PS/PNIPAM ore-shell mirogels with dierent degrees of
rosslinking have been synthesized and haraterized by ryogeni transmission eletron
mirosopy, small-angle X-rays sattering and dynami light sattering. The analysis
demonstrates that the shell forms a well-dened network around the pratially monodis-
perse ore partiles. Inreasing the degree of rosslinking was also found to lead to smaller
and denser partiles. Moreover, diret imaging of the partiles by Cryo-TEM shows the in-
homogeneities within the network. Cryo-TEM shows also the bukling of the shell aused
by the one-dimension swelling of the shell. This bukling eet whih is well-known from
marosopi systems leads to a slightly irregular shape partially explaining the disrep-
anies between the SAXS and the DLS. Moreover a paraboli density prole for the shell
has been evidened by SAXS. The volume transition within the shell of these partiles
an be desribed very well by the Flory-Rehner theory. All results demonstrate that the
two-step synthesis of the partiles leads to well-dened partiles suitable as model systems
for studying the dynamis of onentrated suspensions.
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2.2 Quantitative analysis of polymer olloids by
normal and ryo-transmission eletron mirosopy.
2.2.1 Introdution
For many deades, transmission eletron mirosopy (TEM) is one of the most important
tehniques for the study of nanostrutured materials. In reent years, ryogeni TEM
(ryo-TEM) has greatly enlarged the sope of this tehnique and has thus beome an
indispensable tool of biologial researh [7477℄. Aqueous solutions ontaining e.g. viruses
are vitried by shok-freezing in liquid ethane. Thus, thin lms of vitried solutions an
be analyzed by TEM. Evidently, ryo-TEM allows us to study sensitive biologial and
olloidal [7885℄ strutures in-situ, that is, in aqueous solution. Thus, there is no need
for any further preparatory step. Up to now,there is a large number of morphologial
studies using ryo-TEM [22, 66, 8688℄. However, there are only few investigations whih
evaluate the ryo-TEM mirographs in a quantitative manner [75, 76, 7882℄.
In a similar fashion, small-angle X-ray sattering (SAXS) [67, 88, 89℄ and small-angle
neutron sattering (SANS) [90℄ present well-established tools for the analysis of nanos-
trutures. There is a huge number of publiations in whih one of these methods has been
used to analyze partiulate strutures in solution and the literature in this eld is hard
to overlook.
Both SAXS and Cryo-TEM are sensitive toward the loal eletron density in the objet
and thus lead to similar information about the sample under srutiny. In priniple, the
gray sale of TEM-mirographs ould be evaluated to yield the eletron density of the
sample. This in turn will lead diretly to the SAXS-intensities and vie versa. To the
authors' best knowledge, this obvious relation between SAXS and TEM has hardly been
exploited yet. The reasons for this are given by the fat that the quantitative evaluation
of TEM-mirographs presents a diult task beause of the multiple sattering of the
eletrons in thik samples [76, 9193℄. Moreover, any staining proedure or other prepa-
ration of the sample will lead to irreversible hanges and render a quantitative omparison
between TEM and SAXS impossible.
Here we present a quantitative omparison between the analysis of a olloidal system by
ryo-TEM and SAXS. Following previous work by Langmore et al. [80, 81℄, we evaluate
the loal exess eletron density from the gray sale of the ryo-TEM mirographs. In
partiular, we alulate the SAXS-intensity diretly from the ryo-TEM mirograph and
ompare these results to measured intensities.
As an example for this analysis we rst hose aqueous dispersions of the ore partiles
desribed in the hapter 2.1, whih serves as a simple model for partiles with well-known
struture. Then we investigate the ore-shell partiles also presented in the previous
hapter. The reason for the hoie of this system for the present purpose is given by the
fat that ore-shell mirogels PS/PNIPAM have already been the subjet of a number of
studies employing SAXS and SANS [17, 63, 64℄ inluding the SAXS analysis desribed in
the setion 2.1.4. In the setion 2.1.4, it has been also demonstrated that ryo-TEM is well-
suited to investigate the volume transition and the struture of omposite PS/PNIPAM
ore-shell. Hene, this system is well-suited for a quantitative omparison of SAXS and
ryo-TEM.
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Figure 2.10: Plot Γ versus q2 for the ore (down triangles) and ore-shell (irles) partiles mea-
sured at 23
oC. The diusion oeient D0 of both systems is obtained from the
slope of the linear extrapolation given by the dashed and solid lines.
This hapter is organized as follows: In setion 2.2.2 the partiles and methods used in
this study are presented while setion 2.2.3 gives the theoretial bakground of ontrast in
eletron mirosopy. In setion 2.2.4 the analysis of the TEM and ryo-TEM mirographs
is rst validated using homogeneous polystyrene partiles arrying a thin layer of PNI-
PAM. Moreover, the eet of the fousing, dose, sample thikness and energy ltering will
be disussed. Finally, the quantitative omparison between the ryo-TEM mirographs
of the ore-shell system with the respetive SAXS-data desribed in the hapter 2.1 will
be given.
The objet of the present hapter is three-fold: First, we present a method for the quanti-
tative evaluation of TEM and ryo-TEM pitures whih is validated using a simple model
system (ore V2). Seond, we demonstrate that the analysis of suh olloidal partiles by
ryo-TEM and SAXS (see setion 2.1.4) an be treated on equal footing and supplement
eah other in a nearly ideal fashion. Third, the ombination of these methods leads to
a detailed analysis of a mirosopi thermosensitive network and an be ompared to
earlier investigations by SAXS and SANS arried out on omparable ore-shell partiles
[17, 6064, 71, 94℄.
2.2.2 Experimental
Materials
All partiles used herein have been synthesized and puried as desribed in a preeding
setion (see setion 2.1.2). The present analysis was performed on the ore partiles and
on the ore-shell partiles ontaining 2.5 mol.% rosslinker (KS2).
Methods
TEM and ryo-TEM were performed as desribed in the setion 2.1.2 as well as the
density measurements. Dynami light sattering experiments were arried out at 23
oC as
desribed in the setion 2.1.2 exept that in this ase the deay rate Γ was obtained from
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the seond umulant analysis for sattering angle from 30 to 150
o
with an inrement of
10
o
. As Γ = D0q
2
, the diusion oeient was determined by linear extrapolation of Γ
versus q2, and the hydrodynami radii of the ore and of the ore-shell were determined
at 55 nm and 113 nm via Stokes-Einstein equation (see g. 2.10).
2.2.3 Theory
Contrast transfer funtion
In priniple, the image formation in an eletron mirosope an be desribed in terms of
the rst order theory for amplitude and phase ontrast. The relationship between objet
density, phase and sattering ontrast is usually desribed by the ontrast transfer funtion
CTF (α) as funtion of spatial frequeny [7881, 93℄. Considering only the ontribution
of eletron optis, the relationship between objet density and the eletron intensity an
be written as [93, 95℄
Fi(α, φ) = CTF (α) · F0(α, φ)2A(α)f(α)/λ (2.16)
where Fi(α, φ) is the Fourier transform of the image intensities, F0(α, φ) the Fourier trans-
form of the objet density, φ the azimuthal angle, A(α) the objetive aperture funtion
(1 for α < α0, 0 for α > α0) and f(α) the moleular sattering amplitude. The Broglie
wavelength λ an be alulated relativistially in the ase that the kineti energy E used
for the measurement is lose to the rest energy:
λ = h[2m0E(1 + e/2E0)]
−1/2
(2.17)
with E the eletron energy (here 200 keV ), and E0 the rest energy eletron (E0 = m0c
2 =
511 keV )(with m0 = 9.10912.10
−31 kg: rest mass, c = 2.9979.108 ms−1: speed of light).
Given the above approximations, the ontrast transfer funtion CTF (α) an be expressed
through
CTF (α) = [sinχ(α) +Q(α)cosχ(α)] (2.18)
with χ(α) = 2π/λ (−Csα4 +∆fα2/2) where Cs is the oeient of spherial aberration
and ∆f the defous. The funtion sinχ(α) is the phase ontrast transfer funtion. Q(α)
refers to the amplitude ontrast transfer funtion. It represents the maximum ontri-
bution from amplitude ontrast relative to that deriving from phase ontrast. At low
resolutions f(α) and Q(α) an be onsidered onstant and the eets of spatial and tem-
poral oherene are ignored, beause they are expeted to be negligible [96℄.
The ratios of the Fourier transformations of the ore partiles at dierent defoi have
been ompared to the ratio of the theoretial values (equation 2.18) with Q as adjustable
parameter (see g. 2.11). We determined the value of Q that best desribes hanges in
the images due to defous as desribed by Langmore and Smith [80℄. An empirial value
of Q = 0.14 was found. Fig. 2.12 presents the dierent CTF (α) obtained for dierent
defoi. For a defous ∆f = 0 nm, the CTF (α) is almost onstant up to approximately
24






































Figure 2.11: Determination of Q(α) assuming Q(α) = cste (low resolution). The mirographs
of a ore partile are taken at dierent defoi and Fourier transformed. The ratio
of the Fourier transformations of dierent defoi (5 µm, 3 µm and 1 µm) are
ompared to the theoretial values (equation 2.18) with Q as adjustable parameter.
The theoretial values are plotted assuming the instrumental parameters of the Zeiss
EM922 (λ = 0.0025 nm, aberration oeient Cs = 1.2 mm). The best desription
of the experimental data was obtained for Q = 0.14.
0.5 nm−1. Considering the good ontrast of our pitures, there was no need to go out of
fous. Hene, a ompensation of the CTF (α) was not required in the following study.
Thus, phase ontrast an be negleted if the image are taken in-fous, that is, ∆f = 0 nm.
Moreover, the following analysis will be restrited to the region of low spatial resolution.
From the above disussion of the CTF (α) it is evident, that the range of spatial frequenies
must hene be smaller than ira 0.5 nm−1. This leads to ira 2 nm minimal spatial
resolution whih is smaller than the smallest objet whih an be seen on the mirographs
presented in this study. Hene, it sues to disuss the evaluation of the images solely in
terms of amplitude ontrast.
Amplitude ontrast
Amplitude ontrast is brought about by sattering proesses that an be elasti or inelas-
ti. The total eletron sattering ross setion σT (α0) therefore expressed as the sum of
the elasti and inelasti ross-setions [80, 81, 93℄.
σT (α0) = σel(α0) + σinel(α0) (2.19)
Elastially sattered eletrons are usually sattered through large angles and thus largely
ontribute to the ontrast [93℄. The transmission depends on the objetive aperture α0,
the eletron energy E, the mass-thikness x = ̺t (̺: density, t: thikness) and the
material omposition (atomi weight A and atomi number Z). The inelasti sattered
eletrons are mainly transmitted through the objetive aperture. In the ase of energy
ltered eletron mirosope, the inelasti part will be removed nearly totally. This will
enhane the amplitude ontrast onsiderably. Hene, both elasti and inelasti proesses
must therefore be taken into aount when alulating the gray sale of the images [80, 81℄.

















Figure 2.12: Calulated ontrast transfer funtion for dierent defoi. The values are plotted as-
suming the instrumental parameters of the Zeiss EM922 (λ = 0.0025 nm, aberration
oeient Cs = 1.2 mm [93℄).
Table 2.6: Total elasti ross setions (σel) and partial elasti ross-setions σel(α0) alulated
from the Dira partial-wave analysis using the NIST eletron elasti-sattering ross-
setion database [103℄. The inelasti ross-setions σin have been alulated from eq.
2.24 with the expression given by Wall [104℄. All ross-setions have been derived in
pm2 for an aeleration voltage of 200 kV for an aperture α0 = 10 mrad.
Z σel σel(α0) σin




6 50.48 27.85 79.38
7 54.12 34.23 85.74





analysis desribed by Walker [97℄. The sattering potential was obtained from the self-
onsistent Dira Hartree Fok (DHF) harge density for free atoms [98, 99℄ with the
loal exhange potential of Furness and MCarthy [100℄. The numerial alulations were
performed with the algorithm desribed by Salvat and Mayol [101℄. Further details have
been given by Jablonski et al. [102℄. The alulation was done using the NIST eletron
elasti-sattering ross-setion database (SRD 64) (version 3.1) for an energy of 200 keV
(see g. 2.13 and table 2.6) [103℄. Given the dierential ross setions dσ/dΩ, the number








Table 2.5 gathers all partial elasti ross-setion σel,PW .
An estimate of the total elasti ross setion given by the integral over the entire solid
angle was proposed by Langmore [80℄. It an be expressed by
26



















Figure 2.13: Dierential elasti sattering ross setion based on the single-atom omplex partial
wave solutions to elasti sattering from a Hartree-Fok potential as obtained from
ref [101, 102, 105℄. for dierent atoms: hydrogen (hollow irles), arbon (hollow





where β is the ratio of the speed of the eletrons to that of the light (β2 = 1− [E0/(E +
E0)
2]). Furthermore, σel an be alulated for small angles to a good approximation:
σel(α0) = σelηel(α0) = σel[1− s0/10] (2.22)
where ηel denes the number of eletrons sattered outside the aperture and is alled the
elasti eieny expressed as funtion of s0 the maximum spatial frequeny
s0 = 2sin(α0/2)/λ (2.23)
with the objetive aperture half-angle α0 = 10 mrad, the maximum spatial frequeny
s0 = 4 nm
−1
and the eletron wavelength λ = 2.5.10−3 nm.
For the alulation of the inelasti sattering ross setions we used the expression derived





where ϑe = E/[β
2/(V0 + mc
2)] and E is the average energy loss, assumed to be 20 eV
from the alulation of Wall et al. for organi materials [104℄.
Eq. 2.24 is not valid for hydrogen [104℄. Here we use an estimate of the ross-setion given
by 11.2 pm2 at 200 kV . This value was obtained from the apparent inelasti mean free
path of ie, the alulated inelasti sattering from oxygen and density for hyperquenhed
glassy water (0.92 g/cm3) [106, 107℄. We took the inelasti mean free path length of
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Table 2.7: Densities (in g/cm3) and TEM ontrast (
̺p
xk,p
) (in nm−1) for the hyperquenhed glassy




− ̺wxk,w ) is the ontrast in ryo-TEM alulated in nm−1. Both ontrasts
are alulated for an aeleration voltage U = 200 kV and an aperture α0 = 10 mrad
with or without ltering of the inelasti ontribution.
lter no lter













HGW 0.92 4.803·10−3 0 1.546·10−3 0
Polystyrene 1.0525 5.828·10−3 1.025·10−3 1.702·10−3 1.57·10−4
PNIPAM+BIS 1.1492 6.305·10−3 1.503·10−3 1.869·10−3 3.22·10−4
ie from the work of Langmore measured to 180 nm at 80 kV . The inelasti mean free
path length of ie then results to 284.6 nm at 200 kV if we onsider its dependene on
the aeleration voltage given by U1/2 [108℄. Table 2.6 gathers the inelasti sattering
ross-setions thus obtained for the elements of interest.
Calulation of the gray sales from ross setions
In the present approximation, the gray value obtained at a given point in an image is
solely related to the amplitude ontrast, that is, to the weakening of the intensity I of
the eletron beam by sattering proesses. In priniple, there are two dierent ways to
evaluate the gray sales from the images: One may treat this weakening in terms of the
dierene ∆I between the rays passing through the sample and through the aqueous
phase [80℄. Here we use a slightly dierent approah shown shematially in g. 2.14:
The weakening of the intensity I of the eletron beam passing through the sample may
be treated within the frame of the Lambert-Beer law. Therefore the ratio I/I0 of the
rays passing through the partile and through the aqueous phase (marked in g. 2.14),
respetively, is only related to the ontrast within the partile. Other fators as e.g.
multiple sattering will weaken both rays outside the partile in the same way. Their
ratio is thus not aeted by these eets. On the other hand, the olloidal objets under
onsideration here have dimensions of the order of a few 100 nanometers only. Hene, the
prerequisites of theory, most notable the assumption that multiple sattering within the
partile an be negleted are fully justied.
When the inelasti sattered eletrons are ltered both the elasti and the inelasti ross
setions obtained for atoms an be used to alulate the respetive quantities of moleules
of known omposition and moleular weight M . Without energy ltering only the elasti
ross-setions are taken into aount. In absene of hemial shifts we an assume that
the sattering ross-setion of a moleule omposed of nk elements is the sum of the
ross-setions of the atoms (σT,i) weighted by their proportion in mass in the moleule















































Figure 2.14: (A) TEM evaluation of the gray sale of a homogeneous spherial partile dried
on a thin arbon lm. Appliation of the Lambert-Beer law leads to eq. 2.28 (B)
Polystyrene ore partile and its orresponding radial average: Considering the gray
value from the border to the enter of the partile, enables the determination of its
radial density prole with a resolution of 0.61 nm given by ∆r (pixel resolution).
(C) Radial average of the intensity G(r). The dashed line represents the value of
the average intensity G0 outside the partiles. The solid line displays the t from eq.
2.28 (G0 = 1.37.10
4
, R = 50 nm, φ = 1,
̺p
xk,p
= 5.828·10−3 nm−1 (polystyrene) (see
Table 2.7)). (D) CryoTEM evaluation of the gray sale of a homogeneous spherial
partile embedded in a thin lm of hyperquenhed glassy water (HGW). Appliation
of the Lambert-Beer law leads to eq. 2.29. (E) Core partile and its orresponding
radial average. (F) Radial average of the intensity G(r). The solid line displays the
t from eq. 15 (G0 = 1523, R = 52 nm, φ = 1, (
̺p
xk,p
− ̺wxk,w ) = 1.025 · 10−3 nm−1
(polystyrene) (see Table 2.7)).
where νi is the stoihiometri oeient of the i
th
element in the ompound. We an then





















where I0 is the intensity of inident eletron beam. The quantity (̺/xk(α0))
−1
is the
total mean free path length of the respetive material through whih the eletron beam
is passing (see Table 2.7).
In the ase of the normal TEM, where a sphere with a radius R is absorbed and dried
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on a thin arbon lm for example (see g. 2.14 A). The gray values in the image are
proportional to the respetive intensities. The transmitted eletron beam rossing the
partiles is haraterized by the gray value G(r) dependent on the distane to the enter
of the partile r. Out of the partiles and thus for r > R the gray value is onstant. This













where φ is the volume fration of the material in the partile. For dense sphere, φ is equal
to 1. It is then important to remark that in a normal preparation the ontrast is dened
by the reiproal mean free path length in the material (̺p/xk,p). The radial gray value
prole is obtained by an azimuthal average of the gray values of one isolated partile.
An example is given in g. 2.14 B) in form of one ore partile with the orresponding
azimuthal average of the gray sale. The resulting radial gray sale values are displayed
by the symbols in g. 2.14 C). The dashed line represents the average value G0 out of
the partile. The full line presents a diret appliation of the equation 2.28 onsidering
the ontrast of pure polystyrene.
For the ryoTEM analysis we have to onsider a thin layer of vitried water in whih
spherial partiles are embedded (see Fig. 2.14 D). For r > R the ray passes only through
vitried water. Hene, it orresponds to the ontribution of the vitried water only and
is haraterized by the gray value G0 ∝ I0exp(−̺wt/xk,w). Thus, for spheres embedded
















For systems impenetrable by the solvent water, φ = 1. In this experiment the ontrast is
not dened by the ontrast of the system itself but by the dierene of the reiproal mean
free path length in the material and in glassy water, respetively (̺p/xk,p−̺w/xk,w). Fig.
2.14 E) presents an example in the form of one ore partile embedded in vitried water
and the orresponding azimuthal average of the gray values. The dashed line represent
the average value G0 out of the partile. The symbols in the gure 2.14 F) present the
resulting radial gray sale values. The full line orresponds to a t with the equation 2.29
onsidering the ontrast of pure polystyrene.
Table 2.7 provides values of the TEM and ryo-TEM ontrasts k obtained from the partial
wave alulation of the elasti ross-setion and from the equation 2.24 as desribed above
for hyperquenhed glassy water, polystyrene and the PNIPAM rosslinked shell with or
without energy ltering. The table learly shows the dierene of ontrast between the
dierent experiments. If we take as a referene the polystyrene with energy lter, TEM
experiments have a ontrast approximately 5.7 times higher than in the Cryo-TEM. The
same omparison without lter gives a fator around 10.8. Comparing now the ontrasts
with and without lter gives a fator of 3.4 for the TEM and 6.5 for the CryoTEM.
This learly indiates the great advantage of the energy ltered mirosopy respet to
onventional instruments.
If the polymer is porous or has taken up water, the volume fration of the polymer within
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Figure 2.15: Shemati representation of the spherial multilayer model for the determination of
omplex material volume fration φ(r) and ontrast prole k(r). The analysis is
performed from R to the enter of the partiles. The relative gray values (Gn/G0)
in eah layer is suessively alulated by reurrene (equation 2.30) from the value
of the ontrast kn and the material volume fration φn following the distane to the
enter of the partile rn.
the partile is no longer unity but φ. For omplex radial volume fration prole, like
mirogels in solution for instane, φ is no longer onstant but is varying as a funtion of
r. Moreover in the ase of omposite ore-shell partiles the ontrast is also depending
on the dierent materials omposing the partiles and also depends on r.
The prole k(r)φ(r) has then to be determined. To this purpose we have to applied a
multilayers approah. The size of eah layer is restrited by the size of the pixel. We
have to onsider G(rn)/G0 for r varying from R to 0. Fig. 2.15 shows a shemati
representation of the multilayer model applied to a spherial geometry. We an alulate
numerially the normalized gray value G(rn)/G0 by reurrene with the ontrast kn and
the material volume fration φn following the distane to the enter rn onsidering r0 = R,






exp(−2knφn(r2j−1 − r2n)1/2) (2.30)
















Figure 2.16: (A) TEM mirographs of the ore partiles. (B) Distribution in size obtained from
the TEM analysis, the population an be desribed by a Gaussian distribution (〈R〉 =
51.5 nm, σ = 2 nm) (solid line).
2.2.4 Results and Disussion
Core partiles
TEM analysis
A monodisperse ore solution used for the synthesis of the ore-shell system desribed in
the setion 2.1.2 has been rst put under srutiny. The partiles were obtained by emulsion
opolymerization of styrene and NIPAM (about 5 wt.%). The partiles thus onsist on a
polystyrene ore of onstant density with a thin layer of PNIPAM [17℄. The dispersion
has been rst investigated by transmission eletron mirosopy. Fig. 2.16 presents the
TEM mirographs obtained from this analysis and the normalized distribution of the
radius obtained on a population of more than 200 partiles. All the mirographs were
taken as lose as possible to the fous with the same dose onditions. The partiles
appear spherial and monodisperse. The average radius was found equal to 51.3 ± 2.6
nm. The distribution an be desribed by a Gaussian onsidering an average radius of
51.5 nm and a standard deviation of 2 nm. This results are in good agreement with the
polydispersity of 5 % determined from the SAXS analysis. The normalized gray values
has been alulated for more than 100 partiles as desribed in the preeding setion in
order to hek the theory. The average gray values are depited on the g. 2.17. The
variation between the measurement represented by the size of the error bars is rather small,
whih attests on the reproduibility of the measurement from one piture to another. The
experimental result has been diretly ompared to the theory onsidering the spheriity
of the partiles, an average radius of 51.5 nm determined from the Gaussian distribution
and rst the ontrast of pure polystyrene partiles. The theory desribed relatively well
the experimental results, nevertheless the experimental G(r)/G0 values are lower between
30 and 45 nm and higher below 30 nm. This was attributed to the adsorption and drying




































Figure 2.17: Radial relative gray values G(r)/G0 of the ore partiles analyzed by TEM (irles).
The full line refers to the theoretial alulation onsidering a ontrast 5.8.10−3
nm−1 (see table 2.7) and an average radius of 51.5 nm determined from the statisti
(see g. 2.16). The dotted line is the alulation for a ore-shell system with 49.5
nm polystyrene ore and a dense 2 nm thin PNIPAM shell. The dashed refers
to polydisperse polystyrene partiles onsidering the distribution of the g. 2.16.
The inset presents a omparison of the prole of the partiles determined from this
analysis with a spherial prole. The small deviation an be attributed to a small
deformation of the partiles following the adsorption and the drying on the arbon
grid.
The inset of g. 2.17 displays the average thikness of the partiles deriving from equation
2.31 onsidering a pure polystyrene ore. This prole was then diretly ompared to the
prole obtained for a sphere.
The average prole of the dryed partiles thus present a maximum deviation of 7 nm in
the enter of the partiles respet to a perfet sphere of 103 nm diameter. As mentioned
before in the setion dediated to the SAXS analysis, a thin layer of PNIPAM of about
2 nm is adsorbed on the the partiles. The relative gray values G(r)/G0 of the ore
partiles has been ompared to the theory alulated for a ore-shell system with a
polystyrene ore with a radius of 49.5 nm and a PNIPAM layer of 2 nm. As an be seen in
the g. 2.17 no signiant deviation an be observed from the TEM. The polydispersity
has been introdued onsidering the gaussian distribution determined previously and
pure polystyrene partiles. This partially explained the deviation observed for r > 51.5
nm, on the other hand the results for r < 51.5 are not signiantly aeted by the
polydispersity. The remaining disrepany an be mainly explained by the unertainty
on the determination of the enter of the partiles during the rotational average and
on the deviation from the spheriity. Nevertheless this approah desribed the TEM
experiments within the experimental error.
As an appliation, this kind of analysis an by diretly applied on the TEM images to
obtain a three dimensional representations of the partiles absorbed on the grid. This






Figure 2.18: (A) TEM mirographs of the ore partiles. (B) Transformation onsidering the
equation 2.31 to aess to the height of the partiles adsorbed on the grid (see text
for further details). (C) Tomographi representation of the grid. The olor bar is a













Figure 2.19: (A) CryoTEM mirographs of the ore partiles. (B) Distribution in size obtained
from the CryoTEM analysis, the population an be desribed by a Gaussian distri-
bution (〈R〉 = 52 nm, σ = 2 nm) (solid line).




An example is given in the g. 2.18, whih presents the treatment performed on a
TEM mirographs of our ore partiles (assimilated to polystyrene partiles) to aess
to the tomography of the sample. First the initial piture (g. 2.18 A) is transformed
following the equation 2.31 (g. 2.18 B)). In this sense the gray value orrespond to
the height of the partiles absorbed on the lm. Fig. 2.18 C) presents a 3 dimensional
representation of the tomography of the grid thus obtained. Due to its simpliity
this kind of analysis presents an elegant way to aess to the third dimension without
requiring omplex tomographi methods and an omplement other analysis suh as
sanning fore mirosopy performed on the dried state.
CryoTEM
Cryogeni eletron mirosopy was then performed on the same system. Fig. 2.19 displays
the mirographs obtained and the resulting normalized distribution of the radius of the
34






Figure 2.20: (A) CryoTEM mirographs of the ore partiles. (B) Mirographs of a hole per-
formed in the lm by eletroni irradiation in the viinity of the aption A. The
piture is taken under the same onditions as in the aption A, and the average gray
values in the hole are dened by G0. C) 3D representation of the thikness of the
HGW lm (only the points outside of the partiles an be onsidered) deriving from
G0 and equation 2.32 The olor bar is a linear sale of the height between 250 and
450 nm.
partiles. The same feature as in the TEM analysis an be observed. The partiles
appears as spheres with a narrow size distribution. The average radius from this analysis
also determined over more than 200 partiles is equal to 51.4 ± 3.2 nm. The distribution
an be desribed by a Gaussian entered on 52 nm with a standard deviation of 2 nm,
whih is in good agreement with the TEM, with the SAXS analysis of the ore (50 nm)
and the dynami light sattering (55.0 nm). The ontrast between the partiles and
the bakground is less pronouned than in the TEM as expeted from the theoretial
alulation. Indeed the ontrast is this time determined by the dierene between the
ontrast of the polystyrene and water (̺p/xk,p − ̺w/xk,w), whih is approximately under
our experimental onditions six times smaller than the one of the pure polystyrene ̺p/xk,p
(see Table 2.7). Moreover the bakground is not onstant on the whole mirographs, whih
is diretly related to the variation of the thikness of the lm. This parameter is ruial
for the rest of the analysis. Indeed the lm has to be suiently thik to embedded the
whole partiles.
A simple method has been applied to estimate the thikness of the vitried water lm
(see g. 2.20). An idential approah is desribed in the ref. [80℄. First the mirographs
were aptured as lose as possible to the fous (g. 2.20 A)). Then in an area lose to the
partiles a hole was done in the lm following an exessive irradiation. A piture of the
hole was taken in the same onditions as the partiles before, the gray value inside the
hole then dene our G0 (see g. 2.20 B)). Considering the ontrast of the HGW lm
̺w
xk,w
it is possible to determined its thikness in all the points outside of the partiles in the
rst piture following the same approah as desribed for the TEM analysis. This time










Fig. 2.20 C) is a olour representation of the lm thikness following the equation 2.32.
















Figure 2.21: Cryo-TEM mirographs of one ore partile with (A) and without (B) lter of the
inelasti sattered eletrons. G(r)/G0 has been alulated in the two ases (with lter
(hollow irles), without lter (hollow squares)) and tted following the equation
2.29 and the ontrast values of the table 2.7 (full and dotted lines) assuming a pure
polystyrene ore of 55 nm.
of the thikness from approximately 250 to 450 nm within 1.7 µm was observed in this
example. Considering the average size of the partiles this thikness should be suient
in order to perform a orret analysis. Partiles observed in very thin lm present a strong
ontrast in their enter. This eet an be attributed to a lm thikness whih is smaller
than the diameter of the partiles, or to the deformation of the lm by the partiles. In
this ase the prerequisites of eq. 2.29 are no longer given. If the lm is suiently thik
and not deformed by the partiles, the thikness gradient does not play a role beause
it will be ompensate by the rotational average of the gray values. In the rest of the
analysis only partiles embedded in a lm with a thikness superior as the diameter of
the partiles have been proessed.
The eet of the fousing has been investigated by taking dierent pitures for dierent
defousing. If taken in fous, the mirographs exhibit a sharp interfae with the sur-
rounding solvent. With inreasing defous, diration phenomena our at the edge of
the partiles under the form of Fresnels fringes as expeted. Considering the piture taken
in the fous as referene, the defousing an be relatively estimated for the other pitures.
Evidently, these mirographs would need a orretion through the CTF (α) before doing
a qualitative evaluation. Fig. 2.19 demonstrates, however, that the ontrast between
the partiles and the vitried water is suient. As mentioned above, no defousing is
needed to enhane the ontrast and the evaluation of the gray sale proeeds from miro-
graphs taken in fous. The eet of the energy ltering has also been investigated. Fig.
2.21 presents the ryo-TEM mirographs of one single partiles taken with (g. 2.21 A))
and without (g. 2.21 B)) energy lter. The normalized gray values have been derived
for the two mirographs and tted following the equation 2.29 onsidering the ontrasts
presented in the table 2.7 onsidering a 55 nm polystyrene partile (g. 2.21 C)). Equa-
tion 2.29 gives a good desription of the radial normalized gray values in the two ases.
Nevertheless the experiments without energy ltering learly lak of ontrast, whih is
more than six times lower than with lter (see table 2.7). Thus any small variations of
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Figure 2.22: G(r)/G0 of the ore partiles analyzed by ryoTEM (irles). The full line refers to
the theoretial alulation onsidering the ontrast of pure polystyrene partiles (see
table 2.7) and a radius of 52 nm determined from the statisti (see g. 2.19). The
dotted line is the alulation for a ore-shell system with 50 nm polystyrene ore and
a swollen 2 nm thin PNIPAM shell (φ = 0.5). The dashed refers to polydisperse
pure polystyrene partiles onsidering the distribution of the g. 2.19.
the transmitted eletron intensity will indue a dramati error in the evaluation of the
relative gray values. For this reason we only onsider zero loss images in the rest of the
analysis.
The normalized gray values shown in g. 2.22 have been obtained by averaging over 100
partiles. The symbols displays the mean values while the error bars gives the standard
deviation in eah point. The results has been then diretly ompared to the theoretial
values. The average size was diretly taken equal to 52 nm from the statisti performed





pure polystyrene in HGW. The obtained values presented by the full line desribed the
experimental result very well onrming the spheriity of the partiles in solution and the
interest of the ryo-TEM respet to normal TEM. The small deviation between the two
results an be attributed to possible errors in the determination of the absolute density of
the HGW and of the inelasti ross setion of hydrogen. We also investigated the inuene
of the thin PNIPAM shell on the absorbane. This time a swollen PNIPAM shell has been
onsidered as obtained during the SAXS analysis (see setion 2.1.4). The normalized gray
values were alulated for a 50 nm dense polystyrene ore, and a 2 nm thin PNIPAM
shell in the swollen state (φ = 0.5))(dotted lines). The deviation between the two results
is rather small as already observed by TEM. The method presents herein to evaluate the
mirograph is thus not sensitive enough to reveal this thin layer of PNIPAM in term of
ontrast. For this reason we only onsider pure polystyrene partiles. The polydispersity
obtained from the statisti was also introdued, and partially explained the deviation for
r > 52 nm as observed for the TEM analysis.
As a onlusion a new method for extrating the exess eletron density of olloidal
partiles from TEM and ryo-TEM mirographs has been developed. This method has
been applied to the ore partiles whih an be assimilated to pure polystyrene partiles.
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The alulated ontrast as well as the size is in good agreement with the experimental
values both for TEM and ryoTEM analysis. On another hand, the normalized gray values
an be diretly used to aess to the tomography of the partiles investigated by TEM as
long as the ontrast of the partiles is known. The results obtained for the ryoTEM are
even loser to the theory as the partiles are investigated in solution and not absorbed
and dried on a surfae. Good agreement is found between the mirosopy and the SAXS,
even if the SAXS was more sensitive to the presene of a thin layer of PNIPAM at the
surfae of the partiles and presents about 2 nm smaller partiles.
Core-shell partiles
Figure 2.23 displays the mirographs of the ore-shell mirogels obtained by ryo-TEM in
pure water. The samples have been kept at 23
o
C prior ryogenization (see setion 2.1.4).
The thermosensitive shell is learly visible in these pitures beause of suient ontrast
between the shell and the ore. Moreover, the mirographs show diretly the thermal
utuations and inhomogeneous ross-linking whih lead to a further ontribution to the
sattering intensity [3, 63, 64℄. This is diretly obvious from g. 2.23 A), whih presents
a zoom-in on a partile to evidene the inhomogeneities of the shell.
As disussed in the setion 2.1.4 a feature diretly visible in the ryo-TEM images is
the bukling of the shell (see g. 2.23 and g. 2.1). This nding an be related to the
instabilities of swelling or deswelling gels ourring at the surfae of swollen gels axed
to solid substrates [69, 109114℄. This results orroborates reent small-angles neutron
sattering analysis performed on ore-shell PNIPAM/PNIPMAM also synthesized in a
seed emulsion polymerization, whih pointed out the presene of a depletion zone at the
interfae ore-shell [62℄.
As a onsequene, the ore-shell partiles deviate from an ideal spherial symmetry. In
order to demonstrate this, we have evaluated the relative gray sale G(r)/G0 along the
lines indiated in g. 2.23 A). Fig. 2.23 B) shows that the size along these lines may dier
appreiably. As already disussed above, this dierene is mainly due to the bukling of
the shell. Fig. 2.23 C) displays the polymer volume frations that have been evaluated
using eq. 2.30 together with the ontrasts of polystyrene (ore) and PNIPAM (shell). For
speimens embedded in HGW, the alulated ratio of the ontrast between polystyrene
and PNIPAM is 0.682 (see Table 2.7). Note that the ratio alulated with the approxima-
tion given by Langmore for the elasti ross-setion (eq. 2.21 and eq. 2.22 [80℄ would give
a ratio of 0.650. Fig. 2.23 C) demonstrates that the strong utuations of the shell lead to
strong loal variations. This fat must be kept in mind when onsidering the omparison
with SAXS-data disussed further below.
In order to arrive at an average prole that an be ompared to a prole deriving from
SAXS-measurements, the analysis of the partiles has been performed on 45 partiles
taken from dierent mirographs similar to g. 2.23 A). Only isolated partiles were
be analyzed in this way. Prior to taking the gray values, a rotational average has been
performed as shown in Fig. 2.14 B) and E). The average relative gray values resulting
from this analysis are displayed in the gure 2.24. G(r)/G0 an be deomposed in two
parts: the ontribution of the ore and the ontribution of the shell. The average result
has been tted onsidering a dense polystyrene ore and a paraboli density prole for
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Figure 2.23: Comparison of ryo-TEM and SAXS. A) Average prole φ(r) evaluated from
G(r)/G0 aording to eq. 2.29 and the ontrasts of polystyrene and PNIPMAM
given in Table 2.7. The inset gives the average relative gray sale that has been
used for this alulation. B) Measured SAXS-intensity and the prole φ(r) deriving
therefrom. C) Comparison of the overall size as determined by DLS and ryo-TEM
(solid line) and by SAXS (dashed line). See text for further explanation.
the shell. This paraboli prole follows the same desription as for the SAXS analysis
and is given by the equation 2.15 (see disussion in setion 2.1.4).
The same proedure was repeated this time after tting eah partile individually. The
average k(r)φ(r) over the 45 partiles is presented by the open symbols in the inset of the
g. 2.24. The full line in g. 2.24 presents the orresponding alulation ofG(r)/G0. Both
approahes lead to the same results whih an be attributed to the low polysdispersity of
the system.
Fig. 2.25 A) presents the average density prole obtained from the t of the average
G(r)/G0 shown in the inset. As expeted, this prole exhibits a plateau within the ore
up to Rc =54 nm whih is in good agreement with the 52 nm of the ore found in the
previous setion. The average prole an be tted by the eq. 2.15 with K = 0.23,
Rhw = 94 nm and σ = 19 nm. Between 55 and 75 nm the ontrast inreases to reah
a maximum at 75 nm showing that the shell is not totally attahed to the ore. After
this, the ontrast dereases parabolially until r = 113 nm is reahed. This value losely
mathes the hydrodynami radius of the partiles at 23
o
C equals to 113 nm. The average
volume fration φ of PNIPAM in the shell is 0.116 in good agreement with data derived
from a ombination of SANS and SAXS [63℄.
As a omparison the density prole used for the SAXS analysis (see setion 2.1.4) is also
displayed in Fig. 2.25 A). The weight perent of the ore in the partile derived from this
analysis was found equal to 53.3 % whih is in good agreement with the 53.4 % from the
gravitometry and with the 50 % from the ryo-TEM.
The overall size obtained from the SAXS has been ompared from the results obtained
from the Cryo-TEM mirographs. Fig. 2.25 B) displays the mirograph of a single partile
together with the overall size determined by ryo-TEM (solid line) as well as by SAXS



























Figure 2.24: Average relative gray values G(r)/G0 of the omposite mirogels (irles). The full
line refers to the t obtained onsidering the funtion k(r)φ(r) of a ore-shell with
a solid polystyrene 54 nm ore (full line in the inset) and a paraboli PNIPAM shell
(dashed line in the inset) desribed by equation 2.15. The relative gray values have
been tted for eah partiles using equation 2.30 and the average k(r)φ(r) is repre-
sented by the symbols in the inset. The orresponding G(r)/G0 values are indiated
by the dashed line. The thin dashed lines of the inset display the hydrodynami ra-
dius from the DLS at 55 nm and 113 nm obtained for the ore and the ore-shell
partiles at 23
oC.
marked disrepany has already observed before when omparing the overall size from
DLS and SAXS/SANS and explained by single polymer hains protruding from the shell
[63℄. Now the origin of the disrepany beomes obvious from lose inspetion of g. 2.25
B): SAXS is only sensitive to the average struture of the partiles while ryo-TEM takes
fully aount the deviations from this average aused by the bukling of the shell. In
this way the present analysis orroborates the previous onjeture of ref. [63℄ to a ertain
extend.
The bukling of the PNIPAM-shell must be a dynami phenomenon. This is supported
by reent investigations performed on similar system by dynami light sattering (DLS)
and depolarized dynami light sattering (DDLS). The latter method requires a non-
entrosymmetri partile. From a strong DDLS signal the deviations from spherial sym-
metry ould be inferred diretly whih was most pronouned in the swollen state [115℄.
In this investigation a strong oupling of the rotational diusion and the translational
diusion was found whih ould only be explained by the dynami utuations of the
shell.
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Figure 2.25: Comparison of ryo-TEM and SAXS. A) Average prole φ(r) evaluated from
G(r)/G0 (see g. 2.24) aording to eq. 2.29 and the ontrasts of polystyrene and
PNIPMAM given in table 2.7 (dashed lines). The full line presents the prole φ(r)
deriving from the SAXS analysis in the setion 2.1.4. B) Color representation of a
single ore-shell partile and omparison of the overall size as determined by DLS
and ryo-TEM (solid line) and by SAXS (dashed line). See text for further expla-
nation.
2.2.5 Summary
A new method for extrating the exess eletron density of olloidal partiles from TEM
and ryo-TEM mirographs has been developed. The method rests on the appliation of
the Lambert-Beer law to the TEM and the ryo-TEM images, respetively. The ontrast
leading to dierent gray values inside and outside the partiles ould be alulated from
the elasti and the inelasti sattering ross setions of the material. This new way
of evaluation of the images has been validated using spherial polystyrene partiles. A
analysis of these partiles by DLS leads to the same overall size of the partiles. However,
SAXS is sensitive to the presene of a thin layer of PNIPAM at the surfae of the partiles
whih annot be seen in the ryo-TEM images.
The method has also been applied to ore-shell partiles onsisting of a polystyrene
ore and a shell of rosslinked poly(N-isopropylarylamide) (PNIPAM). The shell is
partially swollen by the solvent water. Using the alulated ontrast of PNIPAM in
hyperquenhed glassy water (HGW) in whih these partiles are embedded, the volume
fration and the average radial prole of the polymer in the shell ould be determined
quantitatively. The resulting radial prole demonstrates that the swollen PNIPAM-shell
an bukle o the surfae of the ore partiles. The partiles are also analyzed by SAXS.
We nd that SAXS "sees" mainly the bulk part of the shell while Cryo-TEM together





Crystallization of olloidal systems provides not only the knowledge of omplex uids
but also insights into the phase transitions in atomi systems [116136℄. On the other
hand , olloidal rystals have been extensively used in reent years for the fabriation
of nanostrutured materials suh as photoni rystals and membranes for devie applia-
tions [137140℄. Monodisperse olloidal partiles that interat through a steep repulsive
potential follow the so-alled hard spheres diagram, whih is the simplest system to show
a freezing/melting transition (see Fig. 2.26). At a low volume fration, the partiles show
a disordered liquid-like struture. When φeff is inreased to the freezing volume fration
φF , an ordered rystalline phase an oexist with the liquid phase. Above the melting
volume fration φM , the omplete system assumes rystalline order [116118℄. Finally,
above the volume fration for glass formation φG the motion of partiles beomes so muh
hindered that the formation of the rystalline phase takes an innite time and a mainly
disordered glassy struture remain [117℄. For harge stabilized olloids we an, in addition
to the volume fration, also vary the ioni strength of the solvent. Dereasing the ioni
strength eetively inreases the range over whih the partiles interat, ausing the phase
transitions to our at a lower volume fration.
Most works on the kinetis of olloidal rystallization have been foused on weakly harged
or hard-sphere-like olloids using light sattering methods [116, 118, 122124, 133135℄ or
UV light spetrosopy [134℄. Only reently diret imaging of the nuleation and growth
by bright eld light mirosopy [124, 135℄ or by onfoal mirosopy [120℄ has been used
to investigated the rystallization of olloidal systems. Meanwhile, the phase behavior
of the aqueous dispersions of poly-N-isopropylarylamide (PNIPAM) spheres has been
intensively investigated [7, 10, 18, 27, 34, 134, 141149℄. In partiular, it was found
that the volume transition of mirogel partiles aets the solvent-mediated interpartile
fores and leads to a novel phase behavior [28, 29℄. Furthermore, due to the temperature-
responsive shrinkage of PNIPAM partiles [2, 28, 29℄ the attrative interpartile potential
inreases with temperature, resulting in phase behavior that deviates from the hard sphere
systems at high temperatures [28, 29℄. The kinetis of rystallization at dierent volume
frations an be onveniently measured by varying the temperature.
The equilibrium rystal struture for olloidal hard spheres systems should be fae en-
tered ubi (f) [150℄ but if the volume fration is low enough or in the rst step of the
rystallization a body entered ubi struture (b) should dominate. But it is rarely
the ase even in the most ideal onditions [132℄. Instead, a random hexagonal lose-
paking struture, energetially lose to f is usually observed [118℄. Nevertheless it has
been shown by neutron sattering experiments that the rystal of PNIPAM dispersions
exhibits a fae-entered ubi (f) struture [141143℄.
The rystallization inuenes, among other things, the rheologial properties of the dis-
persion and is itself, in return, aeted by the shearing of the solution [151, 152℄. The
relation between rheology and rystallization is a omplex proess whih will be disussed
here and in the setion dynamis. This setion is dediated to the rystallization of the



















Figure 2.26: Phase diagram of a hard spheres dispersion [116118℄.
degrees of rosslinking. The nuleation and growth of the rystallites has been visualized
by polarized light mirosopy and the inuene on the rheologial properties is disussed.
2.3.2 Experimental
The dierent ore-shell laties presented in the hapter 2.1 were used in this setion.
Following the systems the rosslinking dened by the amount of BIS in the shell was
adjusted to 1.25 mol.% (KS1), 2.5 mol.% BIS (KS2) and 5 mol.% (KS3) (see setion
2.1.2).
The ow urves and the dynami measurements performed on the KS2 suspensions have
been investigated using a strain-ontrolled rotational rheometer RFS II from Rheometris
Sienti, equipped with a Couette system (up diameter: 34 mm, bob diameter: 32
mm, bob length: 33 mm). Measurements have been performed on 12 mL solution and
the temperature was set with an auray of 0.05
o
C. A stress ontrolled rheometer MCR
301 (Physia) has been used for the experiment performed on the KS3.
Polarized mirosopy has been performed with a Leia DMRXE. Sample were lled into
a 0.1 mm thik apillary thermostated with an auray of 0.05oC. In order to follow the
rystallization proess a thermostated ell was designed for 0.1 and 0.5mm thik apillary
(see g. 2.27). The ell is thermostated and the temperature within the ell is ontrolled
by a thermoouple with a preision of 0.1
oC. The large surfae of ontat between the
ell and the apillary allows a fast quenhing of the sample and makes it ideal for the
diret observation of the rystallization proess. Images of the samples were taken in a
dark room without lter.
2.3.3 Eetive volume fration and rystallization
The established liquid-rystal oexistene domain for hard spheres lays between the freez-
ing volume fration φF at φeff = 0.494 and the melting volume fration φM at φeff =
0.545 as obtained from omputer simulation [153℄. An experimental phase diagram ould








Figure 2.27: Thermostated ell.
oexistene liquid-rystal boundaries after sedimentation. This an be linearly extrapo-
late to determine the beginning and the end of the oexistene domain [117, 154℄. To this
purpose solutions with weight onentrations ranging between 6 and 14 wt.% have been
prepared. The samples KS1 and KS3 were shaken after preparation to destroy residual
rystallites and stored for more than one month at room temperature 20.5
oC ± 0.5oC. In
the ase of the KS2 the suspensions have been heated to 30
o
C in order to destroy possible
rystals that may have formed at room temperature . These suspensions are subsequently
ooled down quikly to 21
oC and kept at this temperature for a time of typially two
months.
After sreening of the eletrostati interations by adding 5.10
−2 mol.L−1, all the samples
rystallize at dened onentrations. This hints to the low polydispersity of the partiles.
The hydrodynami radius of the mirogelRH an be used to alulate the eetive volume








where Rc is the ore radius alulated from the ryo-TEM and φc is the volume fration
of the ores in the system. The latter quantity an be approximated from the weight
onentration of the partiles in the system and the mass ratio between the ore and the
shell of the partiles. To avoid possible errors due to the small experimental unertainty of
RH , averaged values have been taken from this graph by approximating RH by a straight
line in this region of temperatures.
The density of the partiles and their size is not high enough to ensure rapid sedimentation
of the rystalline phase. Only after two months, rystals whih an be seen by eye by
means of the Bragg-reetions, have sedimented. Fig. 2.28 exhibits the liquid-rystalline
region of the dierent samples and the orresponding phase diagram. The experimental
phase diagram was taken from the hange in the position of the oexistene boundary
indiated by the dashed lines. As expeted the experimental points desribe a linear
dependene in the biphasi region. The data have been resaled to φF = 0.494 in order to


























Figure 2.28: Dierent ore-shell suspensions in the biphasi region with 1.25 mol.% (KS1), 2.5
mol.% (KS2) and 5 mol.% (KS3) rosslinking after two months and their orre-
sponding experimental phase diagram. The rystal frations determined from the
height of the oexistene boundaries indiated by the dashed lines on the photographs
were tted by a linear regression (solid line) for the KS2 (hollow triangles) and
the KS3 (hollow irles). The results obtained for the KS1 are indiated by hollow
squares. The data have been resaled to φF =0.494. The oexistene domain for the




Figure 2.29: Crystallization of a 9.48 wt.% solution at dierent temperatures orresponding to
dierent eetive volume frations
manifested by the presene of distint rystals has been observed for eetive volume
between 0.494 and 0.535, whih is smaller as what is expeted for hard spheres. This an
be related to the softness of the system as already observed for PNIPAM mirogel [7℄. At
higher degrees of rosslinking (KS2 and KS3) the resaled oexistene domain has been
found between 0.494 and 0.556. This is in aord with the theoretial values φM = 0.545
[153℄.
Fig. 2.28 shows also that the rystallization study of the thermosensitive partiles is
partially hampered by the strong turbidity of the system. This motivates the use of thin
apillary for a diret observation of the rystallites. In this ase polarized mirosopy
an be used to investigate the rystallization kinetis [135℄. These experiments have been
performed on the KS2, for a onentration of 9.48 wt.% (see g. 2.29) and 8.22 wt.%
(see g. 2.30) at dierent temperatures. The same experiment was repeated for the KS3
at a onentration of 13.01 wt% at 20oC and will be disussed in the next setion. The
samples were rst maintained at about 30
o
C in the 0.1 mm thik apillary and then
quikly ooled-down to the temperature of investigation in the thermostated ell (see g.
2.27).
Below the melting temperature the rystallization proess of olloidal partiles an be
interpreted in the framework of nuleation and growth. The rst rystals have been
observed around Φeff = 0.50. Considering the time of observation of one hour, this




Figure 2.30: Crystallization of a 8.22 wt.% solution at dierent temperatures orresponding to














Figure 2.31: Visoelasti behavior of rystallizing suspensions vs. glassy systems: The storage
modulus G′ (lled symbols) and the loss modulus G′′ (open symbols) are measured
as funtion of time in the linear visoelasti regime at 1Hz and 1% after 5 min of
shearing at 100 s−1 for a rystallizing system (irles) and a glassy system (squares).
The triangles refer to the liquid state (φeff = 0.49), The irles to a volume fration
of 0.52 (two-phase regime) whereas the squares give the results for the glassy state
(φeff = 0.65).
is manifested by the apparition of large rystals growing on the walls of the apillary.
At lower temperatures orresponding to higher Φeff most rystals are formed in bulk,
the nuleation inreases, whereas the size dereases. Above Φeff = 0.542 no rystal
was observed in the 9.48 wt.% solution. This is in good agreement with observations
performed on olloidal hard spheres assimilated suspension by light sattering [123℄. It
was demonstrated that when the melting onentration is exeeded, nuleation events
beome orrelated and high nuleation rate densities suppress rystal growth. At higher
eetive volume frations the rystals are indeed strongly ompressed impeding their
growth. On the ontrary some rystals an still be observed until Φeff = 0.57 for the 8.22
wt.% solution, whih an be attributed to a slight variation of the softness of the partiles
for the lower temperatures.
2.3.4 Linear visoelasti behavior
The previous setion has learly revealed that the thermosensitive suspensions rystallize
if the eetive volume fration φeff is above 0.49. Moreover, the evolution of the samples
as funtion of the time suggests that the indution time until rystallization ours
depends on φeff as expeted for hard spheres system. Crystallization strongly aets
the mehanial properties of the solution. For this reason rheologial measurements were
arried on onentrated suspensions to explore the rystallization kinetis in further
details.
The linear visoelasti behavior is studied rst for dierent KS2 solutions. For this
purpose the storage modulus G′ and the loss modulus G′′ is measured from a suspension




















Figure 2.32: Comparison between the linear visoelastiity measurement and the polarized mi-
rosopy during the rystallization proess of a 13.01 wt. % KS3 solution at 20oC
(φeff = 0.54). The storage modulus G
′
(lled symbols) and the loss modulus G′′
(open symbols) are measured as funtion of time in the linear visoelasti regime at
1Hz and 1% after 5 min of shearing at 100 s−1. The results are ompared to the
polarized mirosopy observations at 20
oC for dierent times after a fast quenhing
from 30
oC to 20oC.
φeff . A deformation of 1 % and a frequeny of 1 Hz has been hosen. Additional
measurements have shown that the linear visoelasti regime is attained for these
parameters. To remove the samples history, all suspensions were sheared for 5 minutes
with a shear rate of 100 s−1 prior analysis. In all ases reported here the time of
observation was more than one hour.
The solution was measured at 22
oC whih orresponds to an eetive volume fration
φeff = 0.49. G
′
is higher than G′′ for the entire time of observation indiating a stable
uid phase. Lowering the temperature to 19
oC leads to a regime where G′ ≪ G′′
where no rystallization is expeted. However after an indution time of 700 s a marked
inrease in G′ is observed as shown in g. 2.31. G′′ goes through a slight maximum and
nally dereases markedly so that G′ ≫ G′′ in the nal stage attained after a. 1 hour.
The highest eetive volume fration 0.65 was reahed by lowering the temperature to
8
oC. Note that this very high volume fration an easily be reahed by adjusting the
temperature. In this ase g. 2.31 demonstrates that G′ >> G′′ as expeted for the
glassy state. At this high volume fration loal rearrangements are slowing down whih
is marked by a slow inrease of G′ with the time.
The same experiment has been performed for the KS3. Fig. 2.32 presents the timesweep
obtained for a 13.01 wt.% solution at 20oC (φeff = 0.54) and is ompared to the ob-
servation by polarizing mirosopy. The inrease of G′ follows the apparition of the rst
rystallites after 420 s. After 720 s orresponding to the rossover of G′ and G′′ no further
hange an be observed from the polarized mirosopy even if the G′ is still inreasing.
The same observation was done on the others solutions investigated in the oexistene
domain. This underlines the good agreement and the omplementarity of this two teh-
nis. We determined the indution time of the rystallization. This time was estimated












Figure 2.33: Beginning of the rystallization desribed by the dependene of the harateristi
time τi on the eetive volume fration φeff for dierent onentrations (12.1 wt.%:
irles, 13.01 wt.%: down triangles, 13.58 wt.%: squares) at dierent temperatures.
The dashed line is here to guide the eyes.
the omplex modulus G∗. This time was then normalized by the diusion time dened
as R2H/D0, where RH is the hydrodynami radius and D0 the free-partile diusion on-
stant. This gives the harateristi time τi. Fig. 2.33 presents the dependene of τi on
φeff obtained for dierent onentrations at dierent temperatures.
τi rst dereases with inreasing volume frations and reahes a minimum around
φeff = 0.55. An inrease is observed again for higher eetive volume frations. The
minimum is in good agreement with the literature [123℄. This orroborates the frame-
work of rystallization and growth. Close to φeff,f the growth proess predominates as
the nuleation is slow. This results in a slow rystallization and in the formation of
large rystals. The growth proess dereases with inreasing volume fration in the ben-
et of a faster nuleation. The rystallization kinetis reahes then a maximum around
φeff = 0.55, whih orresponds to the maximum of the nuleation rate for hard spheres
olloidal suspension as found experimentally in ref. [123℄ and theoretially [119℄. To higher
φeff the rystallization is slowed down as the self diusion of the partiles is dereasing.
Moreover the proximity of the nulei hinders the growth of the rystals. For φeff > φg
the suspensions still rystallize, at least partially, by the slow growth of large and irreg-
ularly shaped rystals on seondary nulei, suh as the ontainer walls and regions of
shear-aligned strutures remaining from the tumbling ation [121℄.
Hene, we onlude that the rheologial experiments shown in g. 2.31 and g. 2.32
orroborates all ndings of the previous setion: Crystallization takes plae at suiently
high volume frations. However, the kinetis of rystallization depends markedly on φeff
as expeted from previous investigations [122, 123, 155, 156℄. The study of the visoelasti
behavior therefore gives diret information on the time sale in whih the systems remains
in the nonergodi state.
This indiates that the thermosensitive ore-shell partiles behave as hard spheres when
onsidering their rystallization. Moreover, the fat that these systems rystallize again














Figure 2.34: Shear melting of rystallized suspensions. Shear stress as funtion of shear rate
for a thermosensitive suspension ontaining 9.48 wt.% of the partiles. The open
symbols mark the measurements with inreasing shear rate whereas the lled symbols
show the results with dereasing shear rate. Parameter of the dierent urves is
the temperature adjusting the eetive volume fration φeff . The eetive volume
frations φeff are: triangles up: 0.49; irles: 0.52; triangles down: 0.57; squares:
0.64.
2.3.5 Flow urves and shear melting
The study of the linear elasti behavior demonstrates that rystallization may intervene
at time sales whih are typial for rheologial experiments neessary for measuring ow
urves. Evidently, rystallization leads to a marked hange of the ow behavior and must
be exluded in a meaningful study of the ow urves. However, rystallites formed at
suiently high onentrations may be shear-melted: Fig. 2.34 displays the shear stress σ
as the funtion of the shear rate γ˙, that is, the ow urves of the suspensions. Parameter
of the urves is the eetive volume fration. For all volume frations the solutions were
aged for more than one hours. Hene, we used the systems disussed in onjuntion with
g. 2.31. This means that the shear ow was started after rystallization has taken
plae for the intermediate volume frations. The hollow symbols in g. 2.34 indiate ow
urves measured by raising γ˙ slowly (5 s per point) from 0.02 to 1000 s−1 whereas lled
symbols indiate the results obtained by slowly lowering the shear rate. In ase of the
uid phase (φeff = 0.49) both sets of data agree and pratially superimpose. The same
holds true for the highest volume fration studied here (φeff = 0.64). Fig. 2.34 hene
demonstrates that ow urves present meaningful data for the present system even at
exeedingly high volume frations. However, there is a strong hysteresis for the partially
rystalline sample having an eetive volume fration φeff = 0.52. A ritial shear stress
is obviously needed to shear-melt the rystals and to attain a uid state. Lowering
the shear rate again then leads to a ow urve exhibiting a rst Newtonian regime at
suiently low γ˙. The same observations were made when adjusting the same eetive
volume fration by a dierent onentration and temperature. This demonstrates that
the ow urves represent fully reproduible data one the rystallites are molten by shear




Conluding this setion and the preeding one we an state that suspensions of the ther-
mosensitive ore-shell partiles behave expeted for hard spheres for rosslinking higher
than 1.25 mol.%. Thus, the eetive volume fration of the partiles as derived from
their hydrodynami radius RH provides the base for all further analysis. The eetive
volume fration an be adjusted by quenhing the system at dierent temperatures, and
the rystallization kinetis an be investigated by polarizing mirosopy and by rheolog-
ial measurements in the linear visoelasti regime. Thus this omposite system present
a good andidate for the rystallization study of pseudo hard spheres olloidal systems.
Quenhing samples to eetive volume frations above the freezing eetive volume fra-
tion may still lead to the formation of rystallites that must be shear-molten prior to
measurements of the ow urves. This problem of shear-melting will be addressed in
another setion (see setion 3.2).
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3 Dynamis
3.1 Charaterization of the visoelasti behavior of
omplex uids using the piezoeletri axial
vibrator
3.1.1 Introdution
Rheologial properties of omplex uids as, e.g., polymer solutions or suspensions of olloid
partiles give important information about the mirostruture and the dynamis of these
systems [157℄. They thus provide the base for the appliations of these systems. Complex
uids exhibit strutural features that range over many orders of magnitude [158℄. Their
relaxation times span over an equally broad range as well. Measurements of the rheologial
properties as the storage modulus G′ and the loss modulus G′′ must therefore over an
enormous sale in the time or in the frequeny domain in order to apture all relaxation
proesses in these materials. Considering G′ and G′′ as funtions of the frequeny f it
is obvious that low values of f are neessary to attain the rst Newtonian region. On
the other hand, the modulus G′ measured at high frequenies provides insight into the
interpartiular fores [159℄. Hene, the highfrequeny limiting values G′(ω) and η′(ω) of
olloidal suspensions an be used to probe the magnitude of hydrodynami interations
between the partiles and their repulsive potential. Moreover, G′ and G′ of suspensions of
hard spheres measured over a suiently wide range of frequenies may be evaluated to
yield information about the strutural arrest of the spheres at high volume frations that
an be related to the theory of the glass transition in these systems [39, 40, 160165℄.
This brief introdution demonstrates that tehniques apable of measuring visoelastiity
of omplex uids over a wide range of frequenies are needed [159, 166℄. Conventional
mehanial rheometers, however, an only aess the range of low frequenies (<50 Hz)
beause of the inertial eets. Mellema and o-workers have introdued the use of torsional
resonators for the study of olloidal suspensions [167℄. More reent developments in this
eld have been summarized by Romosanu et al. [168℄. In partiular, Willenbaher and
o-workers demonstrated that torsional resonators an be used for measurements at high
frequenies in the kilohertz range [159℄. The obvious disadvantage of torsional resonators is
the fat that these devies an be used only at given frequenies. Intermediate frequenies
have often been aessed by use of the time-temperature superposition priniple [157℄. An
example for this approah in the eld of suspension rheology is the work of Shikata and
Pearson on hard sphere olloids [169℄. But in general, the time-temperature superposition
priniple is not appliable for omplex uids. Therefore measurement tehniques that
span the entire frequeny range without resorting to the time-temperature superposition
priniple are of entral interest in the eld of omplex uids. Mirorheologial tehniques
reently introdued by Mason and Weitz [160, 170, 171℄ give aess to a wide range
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of frequenies. Moreover, the mehanial spetra are derived for a ontinuous range of
frequenies. Mirorheology, however, relies on the so-alled generalized StokesEinstein
relation whih may hold only for ertain systems. It has been shown to be inadequate
for harged olloids [172℄, and its appliability to omplex uids must be heked in
eah ase. Finally, for the intermediate frequeny only a few instruments were able to
give a ontinuous and reliable measurement as, e.g., the piezorheometer desribed in the
work of Cagnon and Durand [173175℄ or the piezoeletri rotary vibrator [176℄ both
working in shear strain. Reently, Pehhold and o-workers introdued a new devie
named piezoeletri axial vibrator (PAV). It onsists of a dynami press with a thin gap
in whih the liquid is onned. A squeeze ow is generated by a piezoeletri drive and
the answer of the system measured by piezosensors an be evaluated to lead to G′ and
G′′ between 10 and 3000 Hz. In this way the PAV loses the gap in the frequeny range
of onventional rheometers and the torsional resonators. In priniple, the onept of the
PAV is very appealing and the frequeny range aessible by this instrument is exatly in
the range that must be probed for the study of typial omplex uids. Based on earlier
work by Kirshenmann [177℄ we present a omprehensive test of the PAV as applied to
typial omplex uids as polymer solutions and olloidal suspensions. The results obtained
with this instrument are ompared to data from onventional rotational rheometry at low
frequenies and from a set of torsional resonators at high frequenies. Moreover, the data
obtained from rotational rheometry at various temperatures are shifted aording to the
time temperature superposition priniple in order to over the same frequeny range as
the PAV. The purpose of this study is twofold: (i) At rst to examine the reliability of the
PAV and its possible limitations and (ii) to demonstrate that the ombination of the three
rheometers, namely the mehanial spetrometer, the PAV, and the torsional resonators
provides a onvenient and reliable aess to the visoelasti properties of omplex uids
over 57 orders of magnitude in frequeny. This will be further demonstrated by analyzing
the visoelastiity of a suspension of thermosensitive partiles.
3.1.2 Theory
The general theory of squeeze ow is well exposed in standard textbooks of rheology [178℄
and the theory of the PAV has been already presented in the work of Kirshenmann [177℄.
Here it sues to delineate the main features. Figure 3.1 gives a sheme of the PAV. The
lower plate osillates with onstant fore amplitude Fˆ . When the PAV is unloaded, the
dynami displaement xˆ of the lower plate is measured at a given frequeny leading to
the ompliane xˆ/Fˆ . The same measurement is repeated at the same frequenies with
the material under onsideration lling the gap (see g. 3.1). This gives the modulated
ompliane xˆ/Fˆ . From the omplex ratio xˆ0/xˆ, the omplex squeeze stiness K
∗
of the
material an be alulated by use of an appropriate mehanial equivalent iruit (see g.
3.1) and solving its equations of motion [177℄:


−ω2m1x1 = −K∗(x1 − x0)−K1x1
−ω2m0x0 = −K∗(x0 − x1)−K01(x0 − x2) + F
0 = −K01(x2 − x0)−K02x2 − F
(3.1)
For linear visoelastiity this alulation leads to the formula
3.1 Charaterization of the visoelasti behavior of omplex uids using the
piezoeletri axial vibrator
Figure 3.1: Mehanial equivalent model of the PAV. The material with the omplex stiness
K∗ is enlosed in the gap (shaded area) of radius R and thikness d. The lower
plate osillates with a given frequeny with onstant fore amplitude Fˆ . The dynami
displaement of the lower plate leads to K∗ and in turn to the omplex modulus G∗.











) + ... (3.2)
where R is the radius of the plate, (d ≪ R) is the gap width, ̺ is the density of the
squeezed material, and G∗ is its omplex shear modulus. The expression of the numerator
agrees with that derived in the literature [178, 179℄. The denominator ontains the rst
term (slit approximation) of a series expansion that takes into aount the inertia of
the material in the gap. This eet may beome important at very high frequenies.
Equation 3.2 taitly assumes an inompressible material and hene only onsiders the
omplex shear modulus G
∗
or the omplex ompliane J∗ = 1/G∗.
For preise measurement, however, the dynami ompressibility κ∗ must be introdued as



















Equation 3.3 demonstrates that the orretion due to a nite ompressibility depends
strongly on the ratio R/d. Its magnitude an be obtained through performing measure-





Figure 3.2: A) Piezoeletri axial vibrator used in this study. The upper lid is removed to show
the plate moved by the piezodrives. B) Longitudinal ut of the PAV (left-hand side)
and transversal ut (right-hand side) of the quadrati tube ontaining the ator and
the sensor piezoelements. Four ator piezoelements elements are stuk on both side
of two opposite tube walls. Another four sensor piezoelements elements are stuk on
both of the remaining walls. Four partial uts avoid diret oupling between ator and
sensor elements.
3.1.3 Instruments
The PAV is a dynami press working at frequenies between 10 and 3000 Hz. The
ator/sensor is a thin-walled quadrati opper tube arrying on top a thik stainless steel
plate, whih serves as the lower boundary of the sample gap (see g. 3.2).
As shown in g. 3.2(b), four piezoelements are attahed to two opposite walls of the tube
in order to exert the vibrations while four additional piezos are xed to the remaining
sides in order to pikup the response signal. Diret oupling of exitation and detetion is
avoided by four lengthwise uts of the tube (see g. 3.2(b)). This lower part of the devie
is surrounded by a double walled ylinder allowing the irulation of a thermostating uid.
The whole setup is overed by a thik metal lid, whih is the upper boundary of the gap
and provides a omplete sealing of the uid. The rigidity K0 of the ylinder must at least
attain 1.108 Nm−1 to assure a high resonane frequeny for the head of the probe and
the sensor ylinder. Therefore the sample rigidity, K∗, should be lower than 109 Nm−1.
The PAV is operated by a lok-in-amplier. The exiting voltage of the driving piezos
is proportional to the axial fore. The measured voltage of the piezos that monitor the
deformation is the signal used for determining K∗. The width d of the gap of the squeeze-
ow rheometer is dened by the lid mounted onto the rheometer (see g. 3.2). In order to
vary the gap, several rings of 10, 35, 50, 100 µm thikness an be used. The variation of
the gap turned out to be neessary in order to perform the measurements in the orret
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uids using the
piezoeletri axial vibrator
Table 3.1: Visosities of dierent glyerol/water mixtures at 20 oC [180℄ used for the alibration
of the PAV.









range. Systems with low visosities must be measured using a small d whereas higher
visosities needed a wider gap (see later). Hene, variation of the gap width between 20
and 200 µm overs measurements of the visosity in the range between 1 and 2000 mPas.
The required sample volume is on the order of 100 mL depending on the width of the
gap. In all ase the amount of liquid was aurately adjusted by a mirosyringe. The
temperature was ontrolled with an auray of ± 0.02oC.
3.1.4 Calibration of the instrument and auray
The instrument was alibrated using Newtonian liquids of dierent visosity to determine
the optimal gap for eah range of visosities. For this purpose a set of dierent gly-
erol/water mixtures was used. The visosities of these mixtures are summarized in Table
I. In order to ompare the visosities obtained by the PAV to data from other systems,
two rheometers have been employed: A rheometris uid spetrometer for the range
of low frequenies (0.0115 Hz), and the torsional resonators introdued reently by
Willenbaher and o-workers for the region of high frequenies [159℄. In the following we
give a brief desription of the measurements using these devies. The Fluids Spetrometer
RFS II from Rheometris Sienti is a strain-ontrolled rotational rheometer equipped
with a Couette system (up diameter: 34mm, bob diameter: 32mm, bob length: 33mm).
Strains are applied in the range starting from 500 % for the low visosity liquids
to provide an aurate response up to 0.5% for the more visoelasti solutions. For
eah measurement the deformation was set to remain in the linear visoelasti regime.
Measurement were performed on 10 mL of the uid and the temperature was set with an
auray of ± 0.05oC. Two torsional resonators supplied by the Institut für dynamishe
Materialprüfung, Ulm, Germany, have been used to obtain data at high frequenies [159℄.
Two geometries are available (ylinder or double-dumbbell) allowing for measurements
at 13, 25, and 77 kHz. The penetration depth of the shear wave is typially on the
order of 50 nm for the samples investigated here. This ensures that the method probes
the visoelasti properties of the bulk phase. The measuring ell, however, is muh
larger than this penetration depth and no disturbane may result from the walls of the
ontainer. The small amplitudes of the torsion of the ylinder (< 50 nm) ensure that the


















Figure 3.3: Visosities of water-glyerin mixtures measured with uid spetrometer RFS II (open
squares), PAV (lled symbols), and torsional resonators (open triangles). The weight
perent of glyerol is varied between 0% and 100% as indiated in the graph in order
to adjust a wide range of visosities. The values of Table I are indiated by the dashed
lines. Dierent gap thikness were used for the PAV: 20, 35, 50, 100, and 200 nm
to obtain the optimal measurement. An experimental value of the true gap thikness
was also alulated for eah gap and given diretly in the graph.
regime. The experimental proedure and the evaluation of data have been desribed
reently [159℄. The real part of the omplex visosity of water-glyerine mixtures is
plotted against the frequeny in g. 3.3. Here data obtained by all the three devies are
presented. The gaps of the PAV was varied (d =20, 35, 50, 100, and 200 µm) in order
to adjust for the visosity of the sample ranging from 1 to 1500 mPas (dashed lines in
g. 3.3). The visosity was alulated using eq. 3.2 and the width d of the gap was
slightly adjusted so that the experimental value was mathed. This alibration of the
width of the gap is used in subsequent measurements. Moreover, results obtained for one
sample but dierent gap widths demonstrated that the ontribution due to the dynami
ompressibility (f. eq. 3.3) is negligible for these Newtonian liquids as expeted. Figure
3.3 also delineates the optimal domains of the measurement of the PAV by dashed lines.
In these domains the measured visosity is independent of the frequeny.
In the following only data from these optimal domains will be shown. The good orrespon-
dene between the three apparatus illustrates the quality of the measurements provided
by the PAV for the Newtonian solutions.
3.1.5 Visoelasti uids
Polystyrene solution
A ommerial polystyrene grade (PS 148 H from BASF) dissolved in ethylbenzene is used
as a benhmark system to hek the auray of the measurements of G′ and G′′ by the
PAV. Conentrated polymer solutions present well-studied examples of visoelasti uids
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Figure 3.4: Validation of G′ (full symbols) and G′′ (hollow symbols) measured with uids spe-
trometer RFS II (quadrangles), PAV (irlesd), and torsional resonators (triangles)
obtained for a 30% polystyrene solution in ethylbenzene. The data are ompared to
results derived from the time temperature superposition priniple. Values of G′ are
indiated by dashed lines whereas G′′ is given by solid lines. The data obtained by the
PAV have been measured at the optimal gap thikness.
that exhibit moduli varying over many orders of magnitude with inreasing frequeny
[181℄. The ethylbenzene used was of ommerial grade without speial puriation. The
solution ontains 30% polystyrene with Mw = 148000 g.mol
−1
. Solutions of polystyrene
were arefully studied and preise data based on the time-temperature superposition
priniple are available [181, 182℄. G′ and G′′ of this solution as the funtion of frequeny
was obtained as follows: Rheologial measurements with a mehanial rheometer were
done at -80, -50, and 24
oC. In order to obtain a wide range of frequenies, the frequeny-
temperature superposition priniple has been used as already disussed by Baumgärtel
and Willenbaher [182℄. The temperature dependene an be desribed by a universal,
onentration invariant WilliamsLandelFerry-shift parameter aT [183℄:
log10aT =
−c1(T − Tref)
c2 + T − Tref . (3.4)
We have hosen Tref = 20
oC and obtain c1 = 1.47 and c2 =143 K. Figure 3.4 displays
G′ and G′′ as the funtion of the frequeny. Data at low frequeny have been obtained
by the mehanial spetrometer RFS II whereas the three points referring to the highest
frequenies have been measured using the torsional resonators.
The data at intermediate frequenies have been obtained with the PAV using the optimal
width of the gap (see the disussion of Fig. 3.3). The data obtained by the three widely
dierent instruments t together within the limits of error of the respetive devies. The
lines give the respetive values of G′ (dashed) and G′′ (full) derived from eq. 3.4. Good
agreement is seen over six orders of magnitude. There are only small deviations between
























Figure 3.5: Enlarged portion of Fig. 4 showing G′ and G′′ measured by the PAV with dierent
width d of the gap: 100 (down triangles), 150 (squares), 185 (up triangles), and 200
µm (irles).
priniple. We assign these small disrepanies to the limitation of eq. 3.4 and to the
experimental unertainties in obtaining the moduli in suh a wide temperature range.
Figure 5 demonstrates that the width d of the gap has a minor inuene on the resulting
values of G′ and G′′. Here G′ and G′′ obtained from the polystyrene solution by the PAV
for dierent width of the gap are plotted against the frequeny f . Evidently, G′ and G′′
do not depend on d within the given limits of error. The maximum of error amounts to
20% if the width of the gap is not optimal. This further onrms the reliability of the
instrument and justies the neglet of the dynami ompressibility (f. eq. 3.3). Thus,
the earlier disussion has established two riteria for the auray of the measurement:
First, the optimal width of the gap is obtained by measurement of Newtonian liquids.
The small orretions for the width of the gap, whih followed from this alibration
demonstrates that eq. 3.3 provides a aurate desription of the ow in the instrument.
Seond, the measured spetra of G′ and G′′ must be independent of the width d. This
is seen indeed in Fig. 3.5 and the residual disrepanies at low frequeny an be traed
bak to a width of the gap whih is not optimal. From these data and the foregoing
omparison using a polystyrene solution as a benhmark system we onlude that the
PAV gives reliable data for polymer systems that exhibit a marked visoelasti behavior.
The range of onentrations that an be studied is only limited by the smallest gap
available (see the disussion of g. 3.3). Hene, highly dilute polymer solutions in whih
the visosity exeeds hardly the one of the solvent annot be measured with the PAV with
suient auray (see the disussion of this problem in Stokih et al. [184℄).
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Figure 3.6: Elasti (full symbols) and loss (hollow symbols) modulus of a 1.5 wt.% methylellulose
solution at 20
oC measured with uids spetrometer RFS II (squares), PAV (irles);
measured at optimal thikness of the gap 100 µm, and torsional resonators (triangles).
The t was done using the generalized Maxwell's model inluding the high frequeny
ontribution [Eq. (5)℄. The tted parameters are: η0 =1.4 Pas, η∞ =2.5 mPas,
τ0 =0.002 s, h =0.32.
Methylellulose in solution
Aqueous solutions of methylellulose (MC) gel upon heating [185℄. The gelation is ther-
moreversible and asribed to the presene of hydrophobi interations. The rheology of
this system was already investigated in a study of Desbrières [186℄ and the rheologial
experiments were arried out on the piezorheometer built by Palierne [173175℄. Hene,
these solutions provide another benhmark system. Methylellulose has been purhased
from Sigma-Aldrih. The weight average moleular weight of MC is 86000 g.mol−1. The
degree of substitution is ranging from 1.6 to 1.9 as indiated by the manufaturer. It was
puried by dialysis in order to remove salts and other low moleular weight impurities.
Solutions of 0.2 wt.% of methylellulose were prepared in de-ionized water and stirred for
2 days to ensure a homogeneous solution. This solution was then paked in Spetra/Por
R©
dialysis tube membranes whih were bought from Spetrumlabs (MWCO-2000). Dialysis
was arried out until the ondutivity of water beame equal to pure de-ionized water.
Later the solution was dried in a vauum oven at 80
oC. The pure methylellulose was
then stored for further use. The measurements were performed on a solution of 1.5 wt.%
at 20
oC. Again the range of frequenies was overed by measurement using the three
instruments. The rheogram shown in Fig. 6 is typial of an entangled polymer solutions.
As an be seen from Fig. 3.6, a good orrespondene between the three instruments is
seen. The residual dierenes between the instruments are within their respetive limits of
error. This demonstrates again that onentrated polymer solutions an be measured by
the ombination of the three instruments. Following earlier work [186℄ a general Maxwell's






1 + (iωτ0)1−η + η∞
, (3.5)
where η0 is the zero-shear visosity and η∞ denotes the high-shear visosity. Finally, t0 is
the average time of relaxation and the parameter h desribes the width of the relaxation
time distribution. Figure 3.6 demonstrates that eq. 3.5 provides a good desription of the
results over the entire range of frequenies under onsideration here. This is in agreement
with the earlier studies [186℄.
Thermosensitive latex partiles.
As an example for a omplex uids we analyze here a thermosensitive latex that has been
under srutiny reently [34, 35℄. The partiles onsist of a solid polystyrene ore and a
shell omposed of rosslinked poly-N-isopropylarylamide (PNIPAM) hains. Suspended
in water these partiles swell when lowering the temperature below room temperature
through the uptake of water in the shell. Going to temperatures above 2530
oC leads
to a marked derease of the partiles radius beause the water is expelled from the
thermosensitive PNIPAM-layer again. This swelling transition within the layer is fully
reversible [17, 63℄ and an be used to adjust the eetive volume fration φeff of the
partiles by inreasing or lowering the temperature [34℄. Evidently, the time-temperature
superposition priniple annot be applied for determining G′ and G′′. The ore-shell
latex used in this study was prepared as desribed in the setion 2.1.2 and orresponds to
the KS4. The ore partiles has a radius of 52.0 nm and the shell a thikness of 53.3 nm
at 10
oC as determined by light sattering. The degree of rosslinking was 2.5 mol.% with
regard to monomer N-isopropylarylamide. The latex was puried by ultraltration. The
weight onentration of the latex was 10.85 wt.% and the orresponding eetive volume
fration φeff was alulated as desribed in the setion 2.3. For the suspension under
onsideration here φeff =0.585 at a temperature of 10
oC. The rheologial measurements
were realized with the set of the three instruments. A period of 1 h was allowed for
thermal equilibrium before starting eah measurement. Figure 3.7 displays G′(ω) and
G′′(ω) obtained in this way over the entire range of frequenies. As already disussed by
Mason et al. [160, 161℄, a suspension of hard spheres in the viinity of the glass transition
should exhibit the features seen in Fig. 3.7: The storage modulus G
′
is expeted to
exhibit a marked plateau for a rather wide range of frequenies while G
′′
is expeted to
go through a pronouned minimum.
The model proposed by Mason and Weitz [160, 161℄ has been rst used for the qualitative
desription of the data thus obtained. It is based on the ombination of three major
eets. The low frequeny behavior is desribed within mode oupling theory [162165℄.
It assumes that the stress autoorrelation funtion has the same funtional form as the
density autoorrelation funtion. The high-frequeny the data analysis is ompliated due
to an anomalous ontribution to both G′ and G′′ proportional to ω0.5 whih arises from
a diusional boundary layer between the spheres [187℄. The high frequeny suspension
visosity η′∞ 8 leads to a ontribution to G
′′
that is proportional to ω. It an be taken from
the experimental data obtained at highest frequenies by use of the torsional resonators.
The resulting expressions for G′ and G′′ are [160, 161℄:
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Figure 3.7: Elasti (full symbols) and loss (hollow symbols) moduli of a onentrated thermosen-
sitive latex 10.85 wt.% at 10oC (φeff =0.585) measured with uid spetrometer RFS
II (squares), PAV (irles), and torsional resonators (triangles). The data obtained
by the PAV have been measured at the optimal thikness of the gap. The experimental
data are tted by the model proposed by Mason and Weitz (eq. 3.63.7) with GP =21
Pa, Gσ =0.4 Pa, tσ =1 srad
−1
, φeff =0.585, DS =4.10
−13 m2s−1, and η′∞ =3
mPas.







































where Γ(x) is the gamma funtion, a′ =0.301, B =0.963, as and b′ =0.545 are parameters
predited for suspensions of hard spheres [162℄. Gσ is a t parameter. The storage mod-
ulus has an inetion point at the plateau value GP , and the frequeny at the minimum
of the loss modulus is set by the value of the plateau, 1/tσ. Following the approah
of Mason et al. [160, 161℄ the frequeny dependene of G′D and G
′′
D for hard sphere











where τD = a
2/Ds, is the diusional time determined by the φ-dependent short-time
diusion oeient with a being to the radius of the partiles. The radial pair distribution
funtion at ontat is approximated by g(2a, φ) = 0.78/(0.64 − φ) again mapping this
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suspension onto an eetive hard sphere system (see the disussion of this point by Mason
[171℄). Moreover, we equate φ = φeff . Hene, Gσ and Ds are the only free t parameters
remaining here. Figure 3.7 demonstrates that there is good agreement between the data
obtained by the three instruments. Moreover, good agreement is seen over eight orders
of magnitude. The lines give the respetive values of G′ (solid line) and G′′ (dashed line)
derived from eqs. 3.6 and 3.7. This agreement is more remarkable when onsidering that
only two t parameters had to be used in this omparison. Hene, the model of Mason
et al. [160, 161℄ based on the mode-oupling theory explains the measured visoelastiity
of suspensions very well. Nevertheless it fails to desribe the relaxation of the system for
the very long times below the glass transition. Biased on this pioneer work a new model
proposed by Fuhs has been developed to ome to a quantitative desription of the linear
visoelastiity of hard spheres suspensions in the viinity of the glass transition and will
be presented in the next setion of this hapter.
3.1.6 Summary
A new rheometer, the PAV, has been introdued and tested by using Newtonian liquids
and visoelasti polymer solutions. The data presented here demonstrate that the PAV
works reliably between 10 and 3000 Hz. It thus loses the gap between onventional
mehanial spetrometers and the torsional resonators. The ombination of all three
devies gives aess toG′ andG′′ as the funtion of frequeny over 78 orders of magnitude.
This provides a sound basis for a omprehensive study of the visoelastiity of omplex
uids as was shown for the ase of polymer solutions and suspensions of olloidal partiles.
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3.2 Shear stresses of olloidal dispersions at the glass
transition in equilibrium and in ow
3.2.1 Introdution
Complex uids and soft materials in general are haraterized by a strong variability in
their rheologial and elasti properties under ow and deformations [158, 189℄. Within
the linear response framework, storage- and loss- (shear) moduli desribe elasti ontribu-
tions in solids and dissipative proesses in uids. Both moduli are onneted via Kramers-
Kronig relations and result from Fourier-transformations of a single time-dependent fun-
tion, the shear modulus glr(t). Importantly, the linear response modulus glr(t) itself is
dened in the quiesent system and (only) desribes the small shear-stress utuations
always present in thermal equilibrium [33, 158℄.
Visoelasti materials exhibit both, elasti and dissipative, phenomena depending on ex-
ternal ontrol parameters like temperature and/ or density. The origins of the hange be-
tween uid and solid like behavior an be manifold, inluding phase transitions of various
kinds. One mehanism existent quite universally in dense systems is the glass transition,
that strutural rearrangements of partiles beome progressively slower [164℄. It is aom-
panied by a strutural relaxation time whih grows dramatially. Maxwell was the rst to
desribe this uid-solid transition phenomenologially. Dispersions onsisting of olloidal,
slightly polydisperse (near) hard spheres arguably onstitute one of the most simple vis-
oelasti systems, where a glass transition has been identied. It has been studied in
detail by dynami light sattering measurements [155, 156, 190195℄, onfoal mirosopy
[126℄, linear [161, 196℄, and non-linear rheology [7, 34, 197201℄. Computer simulations are
available also [202204℄. Mode oupling theory (MCT) has provided a semi-quantitative
explanation of the observed glass transition phenomena, albeit negleting ageing eets
[205℄ and deay proesses at ultra-long times that may ause (any) olloidal glass to ow
ultimately [162165℄. Importantly, MCT predits a purely kineti glass transition and de-
sribes it using only equilibrium strutural input, namely the equilibrium struture fator
Sq [33, 206℄ measuring thermal density utuations.
The stationary, nonlinear rheologial behavior under steady shearing provides additional
insight into the physis of dense olloidal dispersions [33, 158℄. A priori it is not lear,
whether the mehanisms relevant during glass formation also dominate the nonlinear
rheology. Solvent mediated interations (hydrodynami interations), whih do not aet
the equilibrium phase diagram, may beome ruially important. Also, shear may ause
ordering or layering of the partiles [207℄. Simple phenomenologial relations between
the frequeny dependene of the linear response and the shear rate dependene of the
nonlinear response, like the Cox-Merz rule, have been formulated, but often lak rm
theoretial support or are limited to speial shear history [158, 208℄.
On the other hand, within a number of theoretial approahes a onnetion between
steady state rheology and the glass transition has been suggested. Brady worked out a
saling desription of the rheology based on the onept that the strutural relaxation
arrests at random lose paking [209℄. In the soft glassy rheology model, the trap model
of glassy relaxation by Bouhaud was generalized to desribe mehanial deformations
and ageing [210212℄. The mean eld approah to spin glasses was generalized to sys-
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tems with broken detailed balane in order to model ow urves of glasses under shear
[213, 214℄. The appliation of these novel approahes to olloidal dispersions has lead
to numerous insights, but has been hindered by the use of unknown parameters in the
approahes. MCT, also, was generalized to inlude eets of shear [215217℄, and, within
the integrations through transients (ITT) approah, to quantitatively desribe all aspets
of stationary states under steady shearing [41, 44, 45℄, Some aspets of the ITT approah
to ow urves have already been tested [218℄, but the onnetion, entral in the approah,
between utuations around equilibrium and the nonlinear response, has not been inves-
tigated experimentally up to now.
In the present hapter the onnetion between strutural relaxation lose to glassy ar-
rest and the rheologial properties far from equilibrium is explored. We used the theory
developed by the Prof. Matthias Fuhs and his oworkers. Within the sope of this ol-
laboration we ruially test the ITT approah, whih aims to unify the understanding
of these phenomena. It requires, as sole input, information on the equilibrium stru-
ture (namely Sq), and, rst gives a formally exat generalization of the shear modulus
to nite shear rates, g(t, γ˙), whih is then approximated in a onsistent way. We inves-
tigate a model dense olloidal dispersion at the glass transition, and determine its linear
and nonlinear rheology. Thermosensitive ore-shell partiles onsisting of a polystyrene
ore and a rosslinked poly(N-isopropylarylamide)(PNIPAM) shell were synthesized and
their dispersions haraterized in detail. Data over an extended range in shear rates and
frequenies are ompared to theoretial results from MCT and ITT.
This hapter is organized as follows: rst the experimental and methods are presented as
well as an introdution of the linear and non linear rheology. The next part summarizes
the equations of the mirosopi ITT approah in order to provide a self-ontained presen-
tation of the theoretial framework. Afterwards some of the universal preditions of ITT
are disussed in order to desribe the phenomenologial properties of the non-equilibrium
transition studied in this work. Building on the universal properties, a simplied model
whih reprodues the phenomenology is introdued. The omparison of ombined mea-
surements of the linear and non-linear rheology of the model dispersion is then ompared
with alulations in mirosopi and simplied theoretial models.
3.2.2 Experimental system and methods
The ore-shell partiles with 5 mol.% rosslinking (KS3) are used in this study. The
synthesis and haraterization of this system are desribed in hapter 2.1. Dierent solu-





KCl to sreen the remaining eletrostati interations. The de-
pendene of φeff on the temperature is given by the hydrodynami radius RH determined
from the dynami light sattering in the dilute regime. RH was linearly extrapolated
between 14 and 25
o
C (RH = −0.85925T + 123.78 with T the temperature in oC and φeff
was alulated following eq. 2.33 following the proedure desribed in hapter 2.3.
Three instruments were employed in the present study to investigate the rheologial
properties of the suspensions. The ow behavior and the linear visoelasti properties
for the range of the low frequenies were measured with a stress-ontrolled rotational
rheometer MCR 301 (Anton Paar), equipped with a Searle system (up diameter: 28.929
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mm, bob diameter: 26.673 mm, bob length: 39.997 mm). Measurements have been
performed on 12 mL solution and the temperature was set with an auray of ± 0.05oC.
The shear stress σ versus the shear rate γ˙ (ow urve) was measured after a pre-shearing
of γ˙ = 100 s−1 for two minutes and a timesweep of 1 hour at 1 Hz and 1 % deformation
in the linear regime. The owurve experiments were performed setting γ˙, rst with
inreasing γ˙ from γ˙ = 10−4− 103 s−1 with a logarithmi time ramp from 600 to 20 s, and
then with dereasing γ˙. The frequeny dependene of the loss G′′ and elasti G′ moduli
has been measured for 1 % strain from 15 to 10−3 Hz with a logarithmi time ramp
from 20 to 600 s. The measurements were rst performed without pre-shearing after the
timesweep, before the owurves experiments, and then after the owurves experiments
10 s two minutes after pre-shearing at γ˙ = 100 s−1 to melt eventual rystallites. We
only onsidered experiments performed after pre-shearing in the following disussion of
G′ and G′′ for the lowest frequenies.
Additional rheologial experiments were arried out on Piezoeletri vibrator (PAV) and
ylindrial torsional resonator desribed in the previous hapter (see hapter 3.1). The
PAV was operated from 10 to 3000 Hz. The gap was adjusted with a 100 µm ring.
Only the measurements in the glassy state have been performed with the PAV as the
instrument does not allow any pre-shearing. The ylindrial torsional resonator used was
operated at a single frequeny (25 kHz). The experimental proedure and the evaluation
of data have been desribed reently [35, 159℄.
The eet of the shear rate γ˙ on the partile dynamis is measured by the Pelet number
[33℄, Pe0 = γ˙R
2
H/D0, whih ompares the rate of shear ow with the time an isolated
partile requires to diuse a distane idential to its radius. Similarly, frequeny will
be reported in the following resaled by this diusion time, ω′ = ωR2H/D0. The self
diusion oeient D0 at innite dilution was alulated from the hydrodynami radius
RH and the visosity of the solvent ηs with the Stokes-Einstein relation so that D0 =
kBT/6πηSRH . In dense dispersions, however, the strutural rearrangements proeed far
slower than diusion at innite dilution, and therefore, very small Pelet numbers and
resaled frequenies ω′ are of interest in the following. Stresses will be measured in units
of kBT/R
3
H in the following.
3.2.3 Linear and non linear rheology
This setion presents the basis of the rheology of olloidal suspensions. In the rest of
the hapter the mode oupling theory is introdued to give a quantitative desription
of the visoelastiity of the system in the linear regime and of the ow behaviour in
the stationary regime. By linear visoelastiity we onsider a system experiening an
osillatory strain. The dependene of the stress to the amplitude γ and frequeny of
the soliitation is used to estimate the elasti and loss ontribution usually represent by
the moduli G′ and G′′. If we x the frequeny, the linearity is onsidered per denition
for strains γ where these two moduli are onstant. At this point the struture of the
system is not disturbed and the system is in equilibrium. If the strain exeeds a ertain
































Figure 3.8: A) step ow experiment performed at dierent shear rate with dierent time inre-
ments: 50 ms (rosses), 100 ms (squares), 200 ms (irles). The lines present the
ts obtained from equation 3.10. B) Comparison of the owurves measured experi-
mentally with inreasing and dereasing shear rates (full and dashed lines) with the
stresses measured for dierent waiting times from the step ow experiments: 50 ms
(down triangles), 100 ms (heked boxes), 1 s (up triangles), 10 s (hollow squares),
100 s (hollow irles) and stationary regime (full irles). C) Strain sweep at dier-
ent frequenies. D) Shear stress measured as funtion of the strain from the step ow
experiments at dierent shear rates (hollow symbols) and frequenies (full symbols).
The same symbols are used for the same values of the frequeny and shear rates. The
dashed lines present the ts from equation 3.10.
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to the relaxation and ow of the system. The simplest representation of suh a system
is the model of Maxwell. In the rest of the experiments the theory was applied to the
frequeny dependent measurement of G′ and G′′ in the linear regime. For this reason the
moduli have been measured as funtion of the strain for dierent frequenies in order to
ensure that the deformations used in the frequeny dependent experiment belong for all
the frequenies to the linear regime. An example is given by the gure 3.8 C). A dense
solution with an eetive volume φeff = 0.622 is subjet deformationsweep experiment is
presented for a dense 13.01 wt% solution at 14oC for dierent frequeny. The moduli are
onstant until a strain around 4 %. This solution represents the highest eetive volume
fration investigated in this work, for this reason a strain of 1 % full the ondition of
linearity in all the frequeny sweep experiments presented in this hapter.
The ow urves have been measured in the stationary regime. This means pratially
that the solution is sheared at a onstant shear rate γ˙ long enough, to ensure a laminar
ow resulting in a onstant stress that we will dene as σ(γ˙), whih is the prerequisite
of the theory. The stationarity has been heked by step ow experiments also for the
highest eetive volume fration (13.01 wt% solution at 14oC, φeff = 0.622). Figure
3.8 A) presents the experiments performed for dierent shear rates, with dierent time
inrements (50, 100, 200 ms). No signiant variations ould be observed between the
dierent times. For the lowest shear rates (γ˙ = 10−4 − 10−1 s−1). The stress σ(γ˙, t) rst
dereases in the very small time, and then inreases again to reah the onstant value
σ(γ˙). The experimental values of σ(γ˙) (solid irles) have been reported in the gure 3.8
B) and ompared to the ow urves measured with inreasing and dereasing shear rates
(full and dashed urves) in the experimental onditions desribed above and with the
measurement for dierent time. No signiant dierene an be observed whih proves
that the ow urves are measured in the stationary regime. On the ontrary a marked
disrepany an be observed if the time of measurement is not long enough. This result
an be diretly ompared to the work of Heymann et al. [219, 220℄ where the authors
investigated the inuene of the measurement time on the ow urves of onentrated
suspensions of spherial partiles.
Step ow and strain sweep experiments are very lose in the sense that they desribe the
evolution of the system as funtion of the time and strain and have been the objet of
reent studies [208, 221, 222℄. If we onsider the step ow experiments of the gure 3.8 A)
the origin of the rst deay in the short time is not fully understood and must be related to
short time relaxation proess. Nevertheless the experimental points in the short times for
the low shear rates superpose into a master urve, whih an be desribed as a power law
with an exponent -0.4. Then the stress inreases again quasi linearly for the slowest shear
rate to nally relax and reah a onstant value. The two experiments an be ompared,
if we onsider the evolution of the stress as a funtion of the strain. For this the moduli
of the strain sweep are rst transformed into omplex modulus G∗ = ((G′)2 + (G′′)2)0.5
and then onverted in stress σ∗ = G∗/γ. Conerning the step ow experiments the strain
is obtained by multiplying the time t with the shear rate γ˙. To this high volume fration
the system is in the glassy state and the omplex modulus is almost onstant between
10
−2
and 10 Hz and the value at the plateau G∗p is approximately equal to 23 Pa. The
omparison is presented in the gure 3.8 D). σ∗ is inreasing linearly with the strain for
the small strain and relax for the higher strain. This kind of resaling underlines the
orrespondene of the two experiments in the linear regime. For the non linear regime a
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diret omparison is obtained if the stress is measured for both experiments are done at
the same strain and shear rate. For this purpose we have to dene the strain-rate dened
as γ˙0 = γω. The omparison is done on the gure 3.9, where both experiments superpose
eah other to desribe the seond relaxation of the stress.
A simple approah lose to the one proposed by Wyss et al. [208℄ was used to aount
of the linear visoelastiity dened by the omplex modulus G∗(γ˙0 = γ˙) (in the linear
regime) at the lower strains and of the stationarity and ow at higher strains dened by
the onstant stress σ(γ˙).













We onsider now a steady shear (dγ/dt = γ˙), G = G∗(γ˙0 = γ˙) the linear visoelasti
ontribution, η = σ(γ˙)/γ˙ with σ(γ˙) the stress in the stationary regime. Considering that
at t = 0, σ(t) = 0, the resolution of this equation gives the following expression for the
stress:
σ(γ˙, t) = σ(γ˙) (1− exp(−G∗(γ˙0 = γ˙)γ˙t/σ(γ˙))) (3.10)
This expression have been used for the step ow and strain sweep experiments onsidering
G∗(γ˙0 = γ˙) = G
∗
p = 23 Pa (see g. 3.8 A) and D) and g. 3.9). This simple approah
desribes very well the seond relaxation observed experimentally in the glassy regime
for both experiments. Of ourse this kind of experiment is muh more ompliated and
the orrelation between the time, frequeny, strain and shear rate has to be addressed
more in depth. Nevertheless it shows learly the onnetion between linear and non linear
rheology whih will be presented in the rest of the hapter.
3.2.4 Theory
Mirosopi approah
The next setions provide a full desription of the theory developed as mentioned in the
introdution by the professor Matthias Fuhs and his oworkers. We onsider N spherial
partiles with radius RH dispersed in a volume V of solvent (visosity ηs) with imposed
homogeneous, and onstant linear shear-ow. The ow veloity points along the x-axis
and its gradient along the y-axis. The motion of the partiles (with positions ri(t) for







= Fi + fi . (3.11)
Solvent frition is measured by the Stokes frition oeient ζ = 6πηsRH . The N vetors
Fi = −∂/∂ri U({rj}) denote the interpartile fore on partile i deriving from potential
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Figure 3.9: Shear stress measured as funtion of the strain from the strain sweep (full symbols)
and step ow experiments (hollow symbols). The same symbols are used for the same
values of shear rates γ˙ and strain rates γ˙0 = ωγ.
interations with all other partiles; U is the potential energy whih depends on all par-
tiles' positions. The solvent shear-ow is given by vsolv(r) = γ˙ y xˆ, and the Gaussian
white noise fore satises (with α, β denoting diretions)
〈fαi (t) fβj (t′)〉 = 2ζ kBT δαβ δij δ(t− t′) ,
where kBT is the thermal energy. Eah partile experienes interpartile fores, solvent
frition, and random kiks. Interation and frition fores on eah partile balane on
average, so that the partiles are at rest in the solvent on average. The Stokesian frition
is proportional to the partile's motion relative to the solvent ow at its position; the
latter varies linearly with y. The random fore on the level of eah partile satises the
utuation dissipation relation.
An important approximation in Eq. (3.11) is the neglet of hydrodynami interations,
whih would arise from the proper treatment of the solvent ow around moving partiles
[33, 206℄. In the following we will argue that suh eets an be negleted at high densities
where interpartile fores hinder and/or prevent strutural rearrangements, and where
the system is lose to arrest into an amorphous, metastable solid. Another important
approximation in Eq. (3.11) is the assumption of a given, onstant shear rate γ˙, whih
does not vary throughout the (innite) system. We start with this assumption in the
philosophy that, rst, homogeneous states should be onsidered, before heterogeneities
and onnement eets are taken into aount. All diulties in Eq. (3.11) thus are
onneted to the many-body interations given by the fores Fi, whih ouple the N
Langevin equations. In the absene of interations, Fi ≡ 0, Eq. (3.11) leads to super-
diusive partile motion termed 'Taylor dispersion' [206℄.
While formulation of the onsidered mirosopi model handily uses Langevin equa-
tions, theoretial analysis proeeds more easily from the reformulation of Eq. (3.11) as
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Smoluhowski equation. It desribes the temporal evolution of the distribution funtion
Ψ({ri} , t) of the partile positions
∂tΨ({ri} , t) = Ω Ψ({ri} , t) , (3.12)





















built with the (bare) diusion oeient D0 = kBT/ζ of a single partile. We assume that
the system relaxes into a unique stationary state at long times, so that Ψ(t → ∞) = Ψs
holds. Homogeneous, amorphous systems are studied so that the stationary distribution
funtion Ψs is translationally invariant but anisotropi. Negleting ageing, the formal
solution of the Smoluhowski equation within the ITT approah an be brought into the
form [41, 44℄





dt Ψe σxy e
Ω†t , (3.14)
where the adjoint Smoluhowski Ω† operator arises from partial integrations. It ats on
the quantities to be averaged with Ψs. Ψe denotes the equilibrum anonial distribution
funtion, Ψe ∝ e−U/(kBT ), whih is the time-independent solution of Eq. (3.12) for γ˙ = 0;
in Eq. (3.14), it gives the initial distribution at the start of shearing (at t = 0). The




i yi entered via ΩΨe = γ˙ σxy Ψe. The
simple, exat result Eq. (3.14) is entral to the ITT approah as it onnets steady
state properties to time integrals formed with the shear-dependent dynamis. The latter
ontains slow intrinsi partile motion.
In ITT, the evolution towards the stationary distribution at innite times is approxi-
mated by following the slow strutural rearrangements, enoded in the transient density





†t δ̺q(t) 〉(γ˙=0) . (3.15)
It desribes the fate of an equilibrium density utuation with wavevetor q, where ̺q =∑N
j=1 e
iq·rj
, under the ombined eet of internal fores, Brownian motion and shearing.
Note that beause of the appearane of Ψe in Eq. (3.14), the average in Eq. (3.15) an
be evaluated with the equilibrium anonial distribution funtion, while the dynamial
evolution ontains Brownian motion and shear advetion. The normalization is given by
Sq the equilibrium struture fator [33, 206℄ for wavevetor modulus q = |q|. The adveted
wavevetor enters in Eq. (3.15)
q(t) = q− γ˙t qx yˆ , (3.16)
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Figure 3.10: Shear advetion of a utuation with initial wavevetor in x-diretion, q(t=0) =
q (1, 0, 0)T , and adveted wavevetor at later time q(t>0) = q (1,−γ˙t, 0)T . At all
times, q(t) is perpendiular to the planes of onstant utuation amplitude. Note
that the magnitude q(t) = q
√
1 + (γ˙t)2 inreases with time. Brownian motion,
negleted in this sketh, would smear out the utuation.
where unit-vetor yˆ points in y-diretion) The time-dependene in q(t) results from the
ane partile motion with the shear ow of the solvent. Translational invariane un-
der shear ditates that at a time t later, the equilibrium density utuation δ̺∗q has a
nonvanishing overlap only with the adveted utuation δ̺q(t) (see g. 3.10), where a
non-deorrelating utuation is skethed under shear. In the ase of vanishing Brownian
motion, viz. D0 = 0 in Eq. (3.13), we nd Φq(t) ≡ 1, beause the adveted wavevetor
takes aount of simple ane partile motion [223℄. The relaxation of Φq(t) thus her-
alds deay of strutural orrelations. Within ITT, the time integral over suh strutural
deorrelations provides an approximation to the stationary state:



















with S ′k = ∂Sk/∂k [224℄. The last term in brakets in Eq. (3.17) expresses, that the expe-
tation value of a general utuation A in ITT-approximation ontains the (equilibrium)
overlap with the loal struture, 〈̺∗k ̺k A〉(γ˙=0). The dierene between the equilibrium
and stationary distribution funtions then follows from integrating over time the spatially
resolved (viz. wavevetor dependent) density variations.
The general results for Ψs, the exat one of Eq. (3.14) and the approximation Eq. (3.17),
an be applied to ompute stationary expetation values like for example the thermody-





dt g(t, γ˙) , (3.18)
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where the generalized shear modulus g(t, γ˙) depends on shear rate via the Smoluhowski




〈 σxy eΩ†t σxy 〉(γ˙=0) . (3.19)
In ITT, the slow stress utuations in g(t, γ˙) are approximated by following the slow
strutural rearrangements, enoded in the transient density orrelators. The generalized
modulus beomes, using the approximation Eq. (3.17), or, equivalently, performing a














Summation over wavevetors has been turned into integration in Eq. (3.20) onsidering
an innite system.
The familiar shear modulus of linear response theory desribes thermodynami stress
utuations in equilibrium, and is obtained from Eqs. (3.19,3.20) by setting γ˙ = 0 [33,
158, 225℄. While Eq. (3.19) then gives the exat Green-Kubo relation, the approximation
Eq. (3.20) turns into the well-studied MCT formula. For nite shear rates, Eq. (3.20)
desribes how ane partile motion auses stress utuations to explore shorter and
shorter length sales. There the eetive fores, as measured by the gradient of the diret




k = n∂ck/∂k, beome smaller, and vanish asymptotially,
c′k→∞ → 0; the diret orrelation funtion ck is onneted to the struture fator via the
Ornstein-Zernike equation Sk = 1/(1 − n ck), where n = N/V is the partile density.
Note, that the equilibrium struture sues to quantify the eetive interations, while
shear just pushes the utuations around on the 'equilibrium energy landsape'.
Strutural rearrangements of the dispersion aeted by Brownian motion is enoded in
the transient density orrelator. Shear indued ane motion, viz. the ase D0 = 0,
is not suient to ause Φk(t) to deay. Brownian motion of the quiesent orrelator
Φ
(γ˙=0)
k (t) leads at high densities to a slow strutural proess whih arrests at long times
in (metastable) glass states. Thus the ombination of strutural relaxation and shear
is interesting. The interplay between intrinsi strutural motion and shearing in Φk(t)
is aptured by (i) rst a formally exat Zwanzig-Mori type equation of motion, and (ii)
seond a mode oupling fatorisation in the memory funtion built with longitudinal stress










 = 0 , (3.21)
where the initial deay rate Γq(t) = D0 q
2(t)/Sq(t) generalizes the familiar result from lin-
ear response theory to adveted wavevetors; it ontains Taylor dispersion. The memory
equation ontains utuating stresses and similarly like g(t, γ˙) in Eq. (3.17), is alulated








′) Φk(t′)(t− t′) Φp(t′)(t− t′) , (3.22)
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Vqkp(t) = q(t) ·
(
k(t) nck(t) + p(t) ncp(t)
)
. (3.23)
With shear, wavevetors in Eq. (3.23) are adveted aording to Eq. (3.16).
Equations (3.17,3.21,3.22), with the spei example of the generalized shear modulus
Eq. (3.20), form a losed set of equations determining rheologial properties of a sheared
dispersion from equilibrium strutural input [41, 44℄. Only the stati struture fator
Sq is required to predit (i) the time dependent shear modulus within linear response,
glr(t) = g(t, γ˙ = 0), and (ii) the stationary stress σ(γ˙) from Eq. (3.18). The loss and
storage moduli of small amplitude osillatory shear measurements [33, 158℄ follow from
Eq. (3.19) in the linear response ase (i)
G′(ω) + i G′′(ω) = iω
∞∫
0
dt e−i ω t g(t, γ˙ = 0) . (3.24)
While, in the linear response regime, modulus and density orrelator are measurable quan-
tities, outside the linear regime, both quantities serve as tools in the ITT approah only.
The transient orrelator and shear modulus provide a route to the stationary averages,
beause they desribe the deay of equilibrium utuations under external shear, and
their time integral provides an approximation for the stationary distribution funtion,
see Eq. (3.17). Determination of the frequeny dependent moduli under large amplitude
osillatory shear has beome possible reently only [226℄, and requires an extension of the
present approah to time dependent shear rates in Eq. (3.13) [221℄.
Universal aspets
The summarized mirosopi ITT equations ontain a bifuration in the long-time be-
havior of Φq(t), whih orresponds to a non-equilibrium transition between a uid and
a shear-molten glassy state. Close to the transition, (rather) universal preditions an
be made about the non-linear dispersion rheology and the steady state properties. The
entral preditions are introdued in this setion and summarized in the overview given
by g. 3.11. It is obtained from the shemati model whih is also used to analyse the
data, and whih is introdued in setion 3.2.4.
A dimensionless separation parameter ε measures the distane to the transition whih
is situated at ε = 0. A uid state (ε < 0) possesses a (Newtonian) visosity, η0(ε <
0) = limγ˙→0 σ(γ˙)/γ˙, and shows shear-thinning upon inreasing γ˙. Via the relation η0 =
limω→0 G
′′(ω)/ω, the Newtonian visosity an also be taken from the loss modulus at
low frequenies, where G′′(ω) dominates over the storage modulus. The latter varies like
G′(ω → 0) ∼ ω2. A glass (ε ≥ 0), in the absene of ow, possesses an elasti onstant G∞,
whih an be measured in the elasti shear modulus G′(ω) in the limit of low frequenies,
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Figure 3.11: Overview of the properties of the F
(γ˙)
12 -model harateristi for the transition between
uid and yielding glass. The upper panel shows numerially obtained transient or-
relators Φ(t) for ε = 0.01 (blak urves), ε = 0 (red), ε = −0.005 (green), and
ε = −0.01 (blue). The shear rates are |γ˙/Γ| = 0 (thik solid lines), |γ˙/Γ| = 10−6
(dotted lines), and |γ˙/Γ| = 10−2 (dashed lines). For the glass state at ε = 0.01
(blak), |γ˙/Γ| = 10−8 (dashed-dotted-line) is also inluded. All urves were alu-
lated with γc = 0.1 and η∞ = 0. The thin solid lines give the fatorization result
Eq. (3.25) with saling funtions G for |γ˙/Γ| = 10−6; label a marks the ritial
law (3.27), and label b marks the von Shweidler-law (3.28). The ritial glass
form fator fc is indiated. The inset shows the ow urves for the same values
for ε. The thin blak bar shows the yield stress σ+c for ε = 0. The lower panel
shows the visoelasti storage (solid line) and loss (broken line) moduli for the same
values of ε. The thin green lines are the Fourier-transformed fatorization result
Eq. (3.25) with saling funtion G taken from the upper panel for ε = −0.005.
The dashed-dotted lines show the t formula Eq. (3.39) for the spetrum in the
minimum-region with Gmin/vσ = 0.0262, ωmin/Γ = 0.000457 at ε = −0.005 (green)
and Gmin/vσ = 0.0370, ωmin/Γ = 0.00105 at ε = −0.01 (blue). The elasti onstant
at the transition Gc∞ is marked also.
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G′(ω → 0, ε ≥ 0)→ G∞(ε). Here the storage modulus dominates over the loss one, whih
drops like G′′(ω → 0) ∼ ω. Enforing steady shear ow melts the glass. The stationary
stress of the shear-molten glass always exeeds a (dynami) yield stress. For dereasing
shear rate, the visosity inreases like 1/γ˙, and the stress levels o onto the yield-stress
plateau, σ(γ˙ → 0, ε ≥ 0)→ σ+(ε).
Close to the transition, the zero-shear visosity η0, the elasti onstant G∞, and the yield
stress σ+ show universal anomalies as funtions of the distane to the transition: the
visosity diverges in a power-law η0(ε→ 0−) ∼ (−ε)−γ with material dependent exponent
γ around 2−3, the elasti onstant inreases like a square-root G∞(ε→ 0+)−Gc∞ ∼
√
ε,
and the dynami yield stress σ+(ε→ 0+) also inreases with innite slope above its value




c denote the respetive values at the
transition point ε = 0, and measure the jump in the elasti onstant and in the yield
stress at the glass transition; in the uid state, G∞(ε < 0) = 0 and σ
+(ε < 0) = 0 hold.
The desribed results follow from the stability analysis of Eqs. (3.21,3.22) around an
arrested, glassy struture fq of the transient orrelator [44, 45℄. Considering the time
window where Φq(t) is metastable and lose to arrest at fq, and taking all ontrol pa-
rameters like density, temperature, et. to be lose to the values at the transition, the
stability analysis yields the 'fatorization' between spatial and temporal dependenies
Φq(t) = f
c
q + hq G( t/t0, ε, γ˙t0 ) + . . . , (3.25)
where the (isotropi) glass form fator f cq and ritial amplitude hq desribe the spatial
properties of the metastable glassy state. The ritial glass form fator f cq gives the long-
lived omponent of density utuations, and hq aptures loal partile rearrangements.
Both an be taken as onstants independent on shear rate and density, as they are eval-
uated from the verties in Eq. (3.23) at the transition point. All time-dependene and
(sensitive) dependene on the external ontrol parameters is ontained in the funtion G,
whih often is alled 'β-orrelator' and obeys the non-linear stability equation




dt′ G(t− t′) G(t′) , (3.26)
with initial ondition
G(t→ 0)→ (t/t0)−a . (3.27)
The two parameters λ and c(γ˙) in Eq. (3.26) are determined by the stati struture
fator at the transition point, and take values around λ ≈ 0.73 and c(γ˙) ≈ 3 for Sq taken
from Perus-Yevik approximation [33℄ for hard sphere interations [44, 45, 227℄. The
transition point then lies at paking fration φc ≈ 0.52 (index c for ritial), and the
separation parameter measures the relative distane, ε = C (φ − φc)/φc with C ≈ 1.3.
The 'ritial' exponent a is given by the exponent parameter λ via λ = Γ(1−a)2/Γ(1−2a)
[162, 164℄.
The time sale t0 in Eq. (3.27) provides the means to math the funtion G(t) to the
mirosopi, short-time dynamis. The Eqs. (3.21,3.22) ontain a simplied desription
of the short time dynamis in olloidal dispersions via the initial deay rate Γq(t). From
this model for the short-time dynamis, the time sale t0 ≈ 1.6 10−2R2H/D0 is obtained.
Solvent mediated eets on the short time dynamis are well known and are negleted
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in Γq(t) in Eq. (3.21). If hydrodynami interations were inluded in Eq. (3.21), all
of the mentioned universal preditions of the ITT approah would remain true. Only
the value of t0 will be shifted and depend on the short time hydrodynami interations.
This statement remains valid, as long as the hydrodynami interations do not aet the
mode oupling vertex in Eq. (3.23). In this sense, hydrodynami interations an be
inorporated into the theory of the glass transition, and amount to a resaling of the
mathing time t0, only.
Obviously, the mathing time t0 also provides an upper ut-o for the time window of the
strutural relaxation. At times shorter than t0 the spei short-time dynamis matters.
The ondition γ˙t0 ≪ 1 follows and translates into a restrition for the aessible range of
shear rates, γ˙ ≪ γ˙∗, where the upper-ut o shear rate γ˙∗ is onneted to the mathing
time.
The parameters ε, λ and c(γ˙) in Eq. (3.26) an be determined from the equilibrium
struture fator Sq at or lose to the transition, and, together with t0 and the shear rate
γ˙ they apture the essene of the rheologial anomalies in dense dispersions. A divergent
visosity follows from the predition of a strongly inreasing nal relaxation time in G in
the quiesent uid phase
G(t→∞, ε < 0, γ˙ = 0)→ − (t/τ)b , with t0
τ
∝ (−ε)γ . (3.28)
The entailed temporal power law, termed von Shweidler law, initiates the nal deay of
the orrelators, whih has a density and temperature independent shape Φ˜q(t˜). The nal
deay, often termed α-relaxation, depends on ε only via the time sale τ(ε) whih resales
the time, t˜ = t/τ . Equation (3.26) establishes the ruial time sale separation between
t0 and τ , the divergene of τ , and the strething (non-exponentiality) of the nal deay; it
also gives the values of the exponents via λ = Γ(1+ b)2/Γ(1+2b), and γ = (1/a+1/b)/2.
Using Eq. (3.20), the divergene of the Newtonian visosity follows [162, 164℄. During
the nal deay the shear modulus beomes a funtion of resaled time, g˜(t˜ = t/τ, γ˙ = 0),
leading to η0 ∝ τ(ε); its initial value is given by the elasti onstant at the transition,
g˜(t˜≪ 1, ε→ 0−, γ˙ = 0) = Gc∞.
On the glassy side of the transition, ε ≥ 0, the transient density utuations stays lose to
a plateau value for intermediate times whih inreases when going deeper into the glass,
G(t0 ≪ t≪ 1/|γ˙|, ε ≥ 0)→
√
ε
1− λ +O(ε) . (3.29)
Entered into Eq. (3.20), the square-root dependene of the plateau value translates into
the square-root anomaly of the elasti onstant G∞, and auses the inrease of the yield
stress lose to the glass transition.
Only, for vanishing shear rate, γ˙ = 0, an ideal glass state exists in the ITT approah for
steady shearing. All density orrelators arrest at a long time limit, whih from Eq. (3.29)
lose to the transition is given by Φq(t→ ∞, ε ≥ 0, γ˙ = 0) = fq = f cq + hq
√
ε/(1− λ) +
O(ε). Consequently the modulus remains elasti at long times, g(t→∞, ε ≥ 0, γ˙ = 0) =
G∞ > 0. Any (innitesimal) shear rate, however, melts the glass and auses a nal deay
of the transient orrelators. The funtion G initiates the deay around the ritial plateau
of the transient orrelators and sets the ommon time sale for the nal deay under shear
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Under shear all orrelators deay from the plateau as funtion of |γ˙t|. Steady shearing
thus prevents non-ergodi arrest and restores ergodiity. This aspet of Eq. (3.26) has
two important ramiations for the steady state of shear molten glasses [44, 45℄. First,
ITT nds that shear melts a glass and produes a unique steady state at long times.
This onlusion is restrited by the assumption of homogeneous states and exludes the
possible existene of ordering or layering under shear. Also, ageing was negleted, whih
ould remain beause of non-ergodiity in the initial quiesent state. Ergodiity of the
sheared state however suggests ageing to be unimportant under shear [212, 213℄. Seond,
all stationary averages, whih in ITT are obtained from integrating up the transient
utuations, do not exhibit a linear response regime in the glass. Rather they take
nite values for vanishing shear rate, whih jump disontinuously at the glass transition.
This holds beause the shear-driven deay of Eq. (3.30) initiates a saling law where the
transient orrelators deay as funtion of |γ˙t| down from the plateau fq to zero, denoted as
Φ+q (t|γ˙|). When entered into Eq. (3.17), time appears only in the ombination together
with shear rate and thus after time integration the shear rate dependene drops out,
yielding a nite result even in the limit of innitesimal shear rate. Prominent example
of a stationary average that has no linear response regime with respet to γ˙ in the glass
phase is the shear stress σ(γ˙, ε ≥ 0). It takes nite values for vanishing shear rate,
σ+(ε) = σ(γ˙ → 0, ε ≥ 0), and jumps at the glass transition from zero to a nite value.
Beause of Eq. (3.29) it inreases rapidly when moving deeper into the glass.
Shemati model
The universal aspets desribed in the previous setion are ontained in any ITT model
that ontains the entral bifuration senario and reovers Eqs. (3.25,3.26). Equation
(3.25) states that spatial and temporal dependenes deouple in the intermediate time
window. Thus it is possible to investigate ITT models without proper spatial resolu-
tion. Beause of the tehnial diulty to evaluate the anisotropi funtionals in Eqs.
(3.20,3.22), it is useful to restrit the desription to few or to a single transient orrelator.
In the shemati F
(γ˙)
12 -model [45℄, a single 'typial' density orrelator Φ(t), onveniently
normalized aording to Φ(t → 0) = 1 − Γt, obeys a Zwanzig-Mori memory equation






dt′ m(t− t′) ∂t′Φ(t′)

 = 0 . (3.31)
The parameter Γ mimis the mirosopi dynamis of the 'typial' density orrelator
hosen in Eq. (3.31), and will depend on strutural and hydrodynami orrelations. The
memory funtion desribes stress utuations whih beome more sluggish together with
density utuations, beause slow strutural rearrangements dominate all quantities. A
self onsistent approximation losing the equations of motion is made mimiking Eq.
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(3.22). In the F
(γ˙)
12 -model one inludes a linear term (absent in Eq. (3.22)) in order to (i)






This model, for the quiesent ase γ˙ = 0, had been suggested by Götze in 1984 [162, 228℄,
and desribes the development of slow strutural relaxation upon inreasing the oupling
verties vi ≥ 0; they mimi the dependene of the verties in Eq. (3.22) at γ˙ = 0
on the equilibrium struture given by Sq. Under shear an expliit time dependene of
the ouplings in m(t) aptures the aelerated loss of memory by shear advetion (see
eq. Eq. (3.22)). Shearing auses the dynamis to deay for long times, utuations
are adveted to smaller wavelengths where small sale Brownian motion relaxes them.
Equations (3.31,3.32) lead, with Φ(t) = f c + (1 − f c)2 G(t, ε, γ˙), and the hoie of the
verties v2 = v
c
2 = 2, and v1 = v
c
1 + ε (1− f c)/f c, where vc1 = 0.828, to the ritial glass
form fator f c = 0.293 and to the stability equation (3.26), with parameters
λ = 0.707 , c(γ˙) = 0.586/γ2c , and t0 = 0.426/Γ .
The hoie of transition point (vc1, v
c
2) is motivated by its repeated use in the literature.
Atually, there is a line of glass transitions where the long time limit f = Φ(t→∞) jumps
disontinuously. It is parameterized by (vc1, v
c
2) = ((2λ− 1), 1)/λ2 with 0.5 ≤ λ < 1, and
the present hoie is just a typial one, whih orresponds to the given typial λ-value.
The separation parameter ε is the ruial ontrol parameter as it takes the system through
the transition. The parameter γc is a sale for the magnitude of strain that is required in
order for the aumulated strain γ˙t to matter [229℄. In Eq. (3.26), it is onneted to the
parameter c(γ˙) .
For simpliity, the quadrati dependene of the generalized shear modulus on density
utuations is retained from the mirosopi Eq. (3.20). It simplies beause only one
density mode is onsidered, and as, for simpliity, a possible dependene of the vertex
(prefator) vσ on shear is negleted
g(t) = vσ Φ
2(t) + η∞ δ(t) . (3.33)
The parameter η∞ haraterizes a short-time, high frequeny visosity and models visous
proesses whih require no strutural relaxation. Together with Γ (respetively t0), it is
the only model parameter aeted by solvent mediated interations. Steady state shear
stress under onstant shearing, and visosity then follow via integrating up the generalized
modulus:
σ = η γ˙ = γ˙
∞∫
0




2(t) + γ˙ η∞ . (3.34)
Also, when setting shear rate γ˙ = 0 in Eqs. (3.31,3.32), so that the shemati orre-
lator belongs to the quiesent, equilibrium system, the frequeny dependent moduli are
obtained from Fourier transforming:
G′(ω) + i G′′(ω) = i ω
∞∫
0




+ iω η∞ . (3.35)
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Beause of the vanishing of the Fourier-integral in Eq. (3.35) for high frequenies, the
parameter η∞ an be identied as high frequeny visosity:
lim
ω→∞
G′′(ω)/ω = ηω∞ , with η
ω
∞ = η∞ . (3.36)
At high shear, on the other hand, Eq. (3.32) leads to a vanishing of m(t), and Eq. (3.31)
gives an exponential deay of the transient orrelator, Φ(t) → e−Γ t for γ˙ → 0. The high
shear visosity thus beomes
ηγ˙∞ = lim
γ˙→∞







Representative solutions of the F
(γ˙)
12 -model are summarized in g. 3.11, whih bring out
the disussed universal aspets inluded in all ITT models.
Extended model inluding hopping
The ITT equations ontain the feed bak mehanism that the frition inreases beause
of slow strutural rearrangements. In the shemati F
(γ˙)
12 -model this is aptured by the
approximation for the generalized frition kernel m(t) in Eq. (3.32). For γ˙ = 0 it leads
to non-ergodi glass states at large enough verties v1,2. A dissipative proess explain-
ing the uidity of glassy states should renormalize the diusion kernel ∆(t). Moreover,
this mehanism should beome more important the longer the relaxation time in m(t).
If, however, the additional dissipative proess is too strong, all eets of the bare ITT
approah are smeared out and the desribed phenomenology of the glass transition an
not be observed.
Götze and Sjögren found when onsidering (possibly unrelated) dissipative proesses in
simple liquids that this an by ahieved by splitting the diusion kernel into two deay
hannels, one onneted to the original m(t), and the other one onneted to the new
dissipation mehanism. In order for the seond deay hannel to take over in glassy states,
it sues to model it by one additional parameter δ in a linear ansatz ∆dissip(t) = δ m(t).










 = 0 (3.38)
The memory funtion m(t) is still given by Eq. (3.32) beause shearing deorrelates
arbitrary utuations via shear-advetion. All parameters of the model are kept and
solutions of this extended model with parameter δ given in the aption are inluded in
g. 3.14. Importantly, the uid like behavior in the rheology at exeedingly small γ˙ and
ω an now be aptured without destroying the agreement with the original ITT at higher
parameters. As it will be shown later in this study, a single parameter δ is not suient to
model the non-exponential shape of the nal relaxation proess in the glass. Yet, further




3.2.5 Comparison of theory and experiment
Shear stresses measured in non-linear response of the dispersion under strong steady shear-
ing, and frequeny dependent shear moduli arising from thermal shear stress utuations
in the quiesent dispersion were measured and tted with results from the shemati F
(γ˙)
12 -
model. Some results from the mirosopi MCT for the equilibrium moduli are inluded
also; see setion 3.2.5 for more details [230℄. In the following disussion, we rst start
with more general observations on typial uid and glass like data, and then proeed to
a more detailed analysis. Figures 3.12 and 3.13 show measurements in uid states, at
φeff = 0.540 and φeff = 0.567, respetively, while g. 3.14 was obtained in the glass at
φeff = 0.627. From the ts to all φeff , the glass transition value φ
c
eff = 0.58 was obtained,
whih agrees well with the measurements on lassial hard sphere olloids [121, 191, 194℄.
Crystallization eets
We start the omparison of experimental and theoretial results by realling the interpre-
tation of time in the ITT approah. Outside the linear response regime, both Φ(t) and
g(t) desribe the deorrelation of equilibrium, uid-like utuations under shear and in-
ternal motion. Integrating through the transients provides the steady state averages, like
the stress. While theory nds that transient utuations always relax under shear, real
systems may either remain in metastable states if γ˙ is too small to shear melt them, or
undergo transitions to heterogeneous states for some parameters. In these irumstanes,
the theory an not be applied, and the rheologial response of the system, presumably, is
dominated by the heterogeneities. Thus, are needs to be taken in experiments, in order
to prevent phase transitions, and to shear melt arrested strutures, before data an be
reorded.
The small size polydispersity of the present partiles enables the system to grow rystal-
lites aording to its equilibrium phase diagram. Fortunately, when reording ow urves,
viz. stress as funtion of shear rate, data an be taken when dereasing the shear rate.
We nd that the resulting 'down' ow urves orrespond to amorphous states and reah
the expeted low-γ˙ asymptotes (σ = η0 γ˙, see g. 3.12), exept for very low γ˙, when
an inrease in stress indiates the formation of rystallites. 'Up' ow urves, however,
obtained when moving upwards in shear rate during the measurement of the stress are
aeted by rystallites formed after the initial shearing at 100 s
−1
during the timesweep
and the rst frequeny sweep experiments. See the hysteresis between 'up' and 'down'
ow urves in gs. 3.12 and 3.13, where measurements for two uid densities are reported.
Above a ritial shear stress γ˙c ∼ 4−1 no hysteresis has been observed, whih proved that
all the rystallites have been molten. In the present work we fous on the 'down' ow
urves, and onsider only data taken either for γ˙ > γ˙c, or (for γ˙ < γ˙c) before the time
rystallization sets in. This time was estimated from timesweep experiments as the time
where rystallization aused a 10% deviation of the omplex modulus G∗. Thus, only
the portions of the ow urves unaeted by rystallization are taken into aount. In
g. 3.12,g. 3.13,g. 3.15 and g. 3.19 vertial bars denote the limits. We nd that the
eet of rystallization on the ow urves is maximal around φ = 0.55 and beomes pro-
gressively smaller and shifts to lower shear rates for higher densities as disussed in the
hapter rystallization (see hap. 2.3 and g. 2.33). This agrees with the notion that
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Figure 3.12: The redued ow urves and the orresponding moduli for a uid state at 13.01wt%,
T= 20oC, and φeff = 0.540. Flow urves measured proeeding from higher to lower
shear rates (alled 'down' ow urves) and dynami experiments were tted where
eets from rystallization an be negleted; the lower limits of the unaeted-data
regions are marked by vertial bars. The red lines show the ts with the shemati
F
(γ˙)
12 -model while the blue lines show the results from mirosopi MCT (solid G
′
,
broken G′′), with parameters: ε = −0.05, DSD0 = 0.14, and η∞ = 0.3 kBT/(D0RH);
the moduli were saled up by a fator cy = 1.4.
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the glass transition slows down the kinetis of rystallization and auses the average size
of rystallites to shrink [191℄. For the highest densities, whih are in the glass without
shear, the hysteresis in the lowest γ˙ has been attributed to a non stationarity of the up
urve (see g. 3.14). This eet has been onrmed by step ow experiments, but does
not aet the bak urves (see setion 3.2.3).
The linear response moduli similarly are aeted by the presene of small rystallites at
low frequenies. G′(ω) and G′′(ω) inrease above the behavior expeted for a solution
(G′(ω → 0) → η0 ω and G′′(ω → 0) → c ω2) even at low density, and exhibit elasti
ontributions at low frequenies (apparent from G′(ω) > G′′(ω)) (see gs. 3.12 and 3.13).
This eet follows the rystallization of the system during the measurement after the
shearing at γ˙ = 100 s−1. The data have only been onsidered before the rystallization
time. For higher eetive volume fration other eets suh as ageing and an ultra-slow
proess had to be taken into aount and will be disussed more in detail in the next
setion.
Shapes of ow urves and moduli and their relations
The ow urves and moduli exhibit a qualitative hange when inreasing the eetive
paking fration from around 50% to above 60%. For lower densities (see Fig. 3.12),
the ow urves exhibit a Newtonian visosity η0 for small shear rates, followed by a
sublinear inrease of the stress with γ˙; viz. a region of shear thinning behavior. For
the same densities, the frequeny dependent spetra exhibit a broad peak or shoulder,
whih orresponds to the nal or α-relaxation disussed in setion 3.2.4. Its peak position
(or alternatively the rossing of the moduli, G′ = G′′) is roughly given by ωτ = 1 (see
g. 3.13). These properties haraterize a visoelasti uid. For higher density, see g.
3.14, the stress in the ow urve remains above a nite yield value even for the smallest
shear rates investigated. The orresponding storage modulus exhibits an elasti plateau
at low frequenies. The loss modulus drops far below the elasti one. These observations
haraterize a soft solid. The loss modulus rises again at very low frequenies, whih may
indiate that the olloidal solid at this density is metastable and may have a nite lifetime
(an ultra-slow proess is disussed in setion 3.2.5).
Simple relations, like the 'Cox-Merz rule', have sometimes been used in the past to om-
pare the shapes of the ow urves σ(γ˙) with the shapes of the dissipative modulus G′′(ω).
Both quantities an be interpreted in terms of a (generalized) visosity, on the one hand
as funtion of shear rate η(γ˙) = σ(γ˙)/γ˙, and on the other hand as funtion of frequeny
η(ω) = G′′(ω)/ω. The Cox-Merz rule states that the funtional forms of both visosities
oinide.
Figures 3.12 to 3.14 provide a sensitive test of relations in the shapes of σ(γ˙) and G′′(ω).
Figure 3.13 shows most onlusively, that no simple relation between the far-from equi-
librium stress as funtion of external rate of shearing exists with the equilibrium stress
utuations at the orresponding frequeny. While σ(γ˙) inreases monotonially, the dis-
sipative modulus G′′(ω) exhibits a minimum for uid states lose to the glass transition.
It separates the low-lying nal relaxation proess in the uid from the higher-frequeny
relaxation.
As shown in Fig. 3.11, the frequeny dependene of G′′ in the minimum region is given by
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Figure 3.13: The redued ow urves and the orresponding moduli for a uid state at 13.01wt%,
T= 18oC, and φeff = 0.567. The vertial bars mark the minimal Pelet number or
resaled frequeny for whih the inuene of rystallization an be negleted. Mi-
rosopi parameters: ε = −0.01, DSD0 = 0.14, and η∞ = 0.3 kBT/(D0RH); moduli
sale fator cy = 1.4.
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the saling funtion G of setion 3.2.4, whih desribes the minimum as rossover between














has been found in the quiesent uid (ε < 0, γ˙ = 0), and works quantitatively if the
relaxation time τ is large, viz. time sale separation holds for small |ε| [162℄. The
parameters in this approximation follow from Eqs. (3.27,3.28) whih give Gmin ∝
√−ε
and ωmin ∝ (−ε)1/2a. For paking frations too far below the glass transition, the nal
relaxation proess is not learly separated from the high frequeny relaxation. This holds
in g. 3.12, where the nal strutural deay proess only forms a shoulder. Closer to the
transition, in g. 3.13, it is separated, but rystallization eets prevent us from tting
Eq. (3.39) to the data.
Asymptoti power-law expansions of σ(γ˙) exist lose to the glass transition, whih were
dedued from the stability analysis in setion 3.2.4 [45, 231, 232℄; yet we refrain from
entering their detailed disussion and desribe the qualitative behavior in the following.
For the same parameters in the uid, where the minimum in G′′(ω) appears, the ow
urves follow a S-shape in a double logarithmi plot, rossing over from a linear behavior
σ = η0 γ˙ at low shear rates to a downward urved piee, followed by a point of inetion,
and an upward urved piee, whih nally goes over into a seond linear behavior at very
large shear rates, where σ = ηγ˙∞ γ˙. This S-shape an be reognized in gs. 3.12 and 3.13.
Beause of the nite slope of log10 σ versus log10 γ˙ at the point of inetion, one may
speulate about an eetive power-law log10 σ ≈ c + c′ log10 γ˙. In Fig. 3.12 this happens
at Pe0 ≈ 10−2. Yet, the power-law is only apparent beause the point of inetion moves,
the slope hanges with distane to the glass transition, and the linear bit in the ow urve
never extends over an appreiable window in γ˙ [232℄.
A qualitative dierene of the glass ow urves to the uid S-shaped ones, is that the
shape of σ(γ˙) onstantly has an upward urvature in double-logarithmi representation.
The yield stress an be read o by extrapolating the ow urve to vanishing shear rate.
In Fig. 3.14 this leads to a value σ+ ≈ 0.24 kBT/R3H at φeff = 0.622, whih is in agreement
with previous measurements in this system over a muh redued window of shear rates
[39℄. While this agreement supports the predition of an dynami yield stress in the ITT
approah, and demonstrates the usefulness of this onept, small deviations in the ow
urve at low γ˙ are present in g. 3.14. We postpone to setion 3.2.5 the disussion of
these deviations, whih indiate the existene of an additional slow dissipative proess in
the glass. Its signature is seen most prominently in the loss modulus G′′(ω) in g. 3.14.
On the ontrary the storage modulus of the glass shows striking elasti behavior. G′(ω)
exhibits a near plateau over more than three deades in frequeny, whih allows to read
o the elasti onstant G∞ easily.
Mirosopi MCT results
Inluded in gures 3.12 to 3.14 are alulations using the mirosopi MCT given by Eqs.
(3.20) to (3.24) evaluated for hard spheres [230℄. This is presently possible without shear
only (γ˙ = 0), beause of the ompliations arising from anisotropy and time dependene
in Eq. (3.22). The only a priori unknown, adjustable parameter is the mathing time sale
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Figure 3.14: The redued ow urves and the orresponding moduli for a glass state at 13.01wt%,
T= 14oC, and φeff = 0.622. See gure 3.12 for further explanations. Mirosopi
parameters: ε = 0.03, DSD0 = 0.08, and η∞ = 0.3 kBT/(D0RH); moduli sale fator
cy = 1.4 (blue). Curves from the shemati F
(γ˙)
12 -model with an additional dissipative
proess inluded (Eq. 3.38) are shown as dashed lines; δ = 10−7 Γ (long dashes, light
green) and δ = 10−8 Γ (short dashes, dark green). Here Γ = 88D0/R
2
H . The red
urves give the shemati model alulations for idential parameters but without
additional dissipative proess (viz. δ = 0).
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t0, whih we adjusted by varying the short time diusion oeient appearing in the initial
deay rate in Eq. (3.21). The omputations were performed with Γq(t) ≡ Γq = Ds q2/Sq,
and values for Ds/D0 are reported in the aptions of Figs. 3.12 to 3.14, and in table 3.2.
Gratifyingly, the stress values omputed from the mirosopi approah are lose to the
measured ones; they are too small by 40% only, whih may arise from the approximate
struture fators entering the MCT alulation; the Perus-Yevik approximation was
used here [33℄. In order to ompare the shapes of the moduli the MCT alulations were
saled up by a fator cy = 1.4 in gs. 3.12 to 3.14. Mirosopi MCT also does not hit
the orret value for the glass transition point [162, 164℄. It nds φMCTc = 0.516, while
our experiments give φexpc ≈ 0.58. Thus, when omparing, the relative separation from
the respetive transition point needs to be adjusted as, obviously, the spetra depend
sensitively on the distane to the glass transition; the tted values of the separation
parameter ε are inluded in g. 3.16.
Considering the low frequeny spetra in G′(ω) and G′′(ω), mirosopi MCT and
shemati model provide ompletely equivalent desriptions of the measured data. Dif-
ferenes in the ts in Figs. 3.12 to 3.14 for ωR2H/D0 ≤ 1 only remain beause of slightly
dierent hoies of the t parameters whih were not tuned to be lose. These dierenes
serve to provide some estimate of unertainties in the tting proedures. Main onlusion
of the omparisons is the agreement of the moduli from mirosopi MCT, shemati ITT
model, and from the measurements. This observation strongly supports the universality
of the glass transition senario whih is a entral line of reasoning in the ITT approah
to the non-linear rheology.
At large γ˙ and large ω hydrodynami interations beome important. In the ow urves,
ηγ˙∞, and, in the loss modulus, η
ω
∞ beome relevant parameters, and the strutural relax-
ation aptured in ITT and MCT is not suient alone to desribe the rheology. Qualita-
tive dierenes appear in the moduli, espeially in G′(ω), between the shemati model
and the mirosopi MCT. While the storage modulus of the F
(γ˙)
12 -model rosses over to
a high-ω plateau already at rather low ω, the mirosopi modulus ontinues to inrease
for inreasing frequeny, espeially at lower densities; see the region ω>≈ 102D0/R2H in
Figs. 3.12 to 3.13. The latter aspet is onneted to the high-frequeny divergene of
the shear modulus of partiles with hard sphere potential [161℄, as aptured within the
MCT approximation [225, 230℄, As arefully disussed by Lionberger and Russel, lubria-
tion fores may suppress this divergene and its observation thus depends on the surfae
properties of the olloidal partiles [187℄. Clearly, the region of (rather) universal proper-
ties arising from the non-equilibrium transition between shear-thinning uid and yielding
glass is left here, and partile spei eets beome important.
Parameters
In the mirosopi ITT approah from setion 3.2.4 the rheology is determined from the
equilibrium struture fator Sq alone. This holds at low enough frequenies and shear
rates, and exludes the time sale parameter t0 of Eq. (3.27), whih needs to be found
by mathing to the short time dynamis. This predition has as onsequene that the
ow urves and moduli should be a funtion only of the thermodynami parameters
haraterizing the present system, viz. its struture fator.
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Figure 3.15: The plots demonstrate that the redued ow urves and the redued moduli are unique
funtions only depending on φeff . All ow urves are down urves. The ts using
the shemati F
(γ˙)
12 -model were performed with the data points at 13.01wt% taken
before the onset of rystallization (data to the right of the vertial bars). Blak
diamonds: 12.10wt% and φeff = 0.527. Blak irles: 13.01wt% and φeff = 0.527.
Red diamonds: 12.10wt% and φeff = 0.578. Red irles: 13.01wt% and φeff = 0.580.




Figure 3.15 supports this laim by proving that the rheologial properties of the dispersion
only depend on the eetive paking fration, if partile size is taken aount of properly.
Figure 3.15 ollets ow urves and moduli measured for dierent onentrations of par-
tiles aording to weight, and for dierent radii RH adjusted by temperature. Whenever
the eetive paking fration, φeff = (4π/3)nR
3
H , is lose, the rheologial data overlap
in the window of strutural dynamis. Obviously, appropriate sales for frequeny, shear
rate and stress magnitudes need to be hosen to observe this. The dependene of the ver-
ties on Sq (Eqs. (3.20,3.23)) suggests that kBT sets the energy sale as long as repulsive
interations dominate the loal paking. The length sale is set by the average partile
separation, whih an be taken to sale with RH in the present system. The time sale
of the glassy rheology within ITT is given by t0 from Eq. (3.27), whih we take to sale
with the measured dilute diusion oeient D0. Thus the resaling of the rheologial
data an be done with measured parameters alone. Figure 3.15 shows quite satisfatory
saling. Whether the partiles are truely hard spheres is not of entral importane to the
data ollapse in Fig. 3.15 as long as the stati struture fator agrees for the φeff used.
Fits with the F
(γ˙)
12 -model to all data are possible, and are of omparable quality to the ts
shown in Figs. 3.12 to 3.14.
The tted parameters used in the shemati F
(γ˙)
12 -model are summarized in Fig. 3.16.
Parameters orresponding to idential onentrations by weight are marked by idential
olours. Within the satter of the data one may onlude that all t parameters depend
on the eetive paking fration only. This again supports the mentioned dependene of
the glassy rheology on the equilibrium struture fator. The initial rate Γ, whih sets t0,
appears a unique funtion of φeff , also; an observation whih is not overed by the present
ITT approah. It suggests that hydrodynami interations appear determined by φeff in
the present system also.
Importantly, all t parameters exhibit smooth and monotonous drifts as funtion of the
external thermodynami ontrol parameter, viz. φeff here. Nevertheless, the moduli at low
frequenies (e.g. G′(ω) at ωR2H/D0 = 0.01), or the stresses at low shear rates (e.g. σ(γ˙)
at γ˙R2H/D0 = 10
−4
) hange by more than an order in magnitude in Figs. 3.12 to 3.14.
Even larger hanges may be obtained from taking experimental data not shown, whose
t parameters are inluded in Fig. 3.16. It is this sensitive dependene of the rheology on
small hanges of the external ontrol parameters that ITT addresses.
When omparing the parameters from the shemati model to the ones obtained from
the mirosopi MCT alulation of the moduli, one observes qualitative and semi-
quantitative agreement (see the aptions to Figs. 3.12 to 3.14, table 3.2, and the upper
inset of Fig. 3.16). For example, the inrease of the prefator vσ of stress utuations
is aptured in the mirosopi vertex where Sq enters (this follows beause the resaling
fator cy is density independent). Also the hydrodynami visosity η∞ = η
ω
∞ roughly
agrees and may be taken φeff-independent in the ts with the mirosopi moduli. On
loser inspetion, one may notie that the separation parameter of the mirosopi hard
sphere alulation obtains larger positive values than ε tted with the shemati model.
Moreover, it follows an almost linear dependene on the eetive paking fration as
asymptotially predited by MCT, ε ≈ 0.65 (φeff − φceff)/φceff with glass transition density
φc = 0.587 slightly higher than from the shemati model ts. The diering behavior
of the separation parameter from the ts with the F
(γ˙)
12 -model in the glass is not under-
stood presently. The mirosopi alulation signals glassy arrest more learly than the
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Figure 3.16: The tted parameters of the F
(γ˙)
12 -model (open symbols). Blak symbols: 10.75wt%,
red symbols: 12.10wt%, green symbols: 13.01wt%, blue symbols: 13.58 wt%. ε and
γc are dimensionless. Filled magenta symbols, inluded in the upper inset, give the
ε values tted in the mirosopi MCT alulations for 13.01wt%. The unit of vσ
is kBT/R
3
H while Γ is given in units of D0/R
2
H . The high frequeny and high shear
visosities ηω,γ˙∞ are given in units of kBT/(D0RH).
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Figure 3.17: Newtonian visosity η0 (diamonds, left axis), elasti onstant G∞ (squares), and
yield stress σ+ (irles; data resaled by a fator 30; both G∞ and σ
+
right axis),
as funtions of the eetive paking fration φeff as obtained from the ts per-
formed with the F
(γ˙)
12 -model. Filled symbols indiate where diret measurements
of η0 were possible. Blak symbols: 10.75wt%, red symbols: 12.10wt%, green
symbols: 13.01wt%, blue symbols: 13.58 wt%. The line gives a power-law t to
the visosity-date over the full range using the known γ = 2.34 exponent from
MCT, log10 η0 = A − γ · log10 (φceff − φeff); the ritial paking fration is found
as φceff = 0.580. The horizontal bar denotes the ritial elasti onstant G
c
∞.
shemati model t. The short time diusion oeient Ds/D0 in the mirosopi alula-
tion dereases as expeted from onsiderations of hydrodynami interations. The initial
rate Γ, however, of the shemati model inreases with paking fration. The ad ho in-
terpretatation of Γ as mirosopi initial deay rate evaluated for some typial wavevetor
q∗, viz. the ansatz Γ = Dsq
2
∗/Sq∗, thus apparently does not hold.
While the model parameters adjusted in the tting proedure only drift smoothly with
density, the rheologial properties of the dispersion hange dramatially. Figure 3.17 shows
the Newtonian visosity as obtained from extrapolations of the ts in the F
(γ˙)
12 -model. It
hanges by 6 orders in magnitude. From the ombination of G′′(ω)- and ow urve data
we an follow this divergene over more than one deade in diret measurement. From
the divergene of η0 the estimate of the ritial paking fration an be obtained using
the power-law Eq. (3.28), beause the exponent γ is known. We nd φceff = 0.580 in
nie agreement with the value expeted for olloidal hard spheres. On the glass side, the
elasti onstant and yield stress jump disontinuously into existene. Reasonable values
are obtained from the F
(γ˙)
12 -model ts ompared to data from omparable systems. The
strong inrease of the elasti quantities upon small inreases of the density is apparent.
Additional dissipative proess in glass
One of the major preditions of the ITT approah onerns the existene of glass states,
whih exhibit an elasti response for low frequenies under quiesent onditions, and
whih ow only beause of shear and exhibit a dynami yield stress under stationary
shear. Figure 3.14 shows suh glassy behavior, as is revealed by the analysis using the
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Table 3.2: Parameters of the ts with the mirosopi MCT to the linear-response moduli G′(ω)
and G′′(ω). The rst two olumns of separation parameter ε and short-time diusion
oeient ratio Ds/D0 orrespond to the ts shown in Figs. 3.12 to 3.14 and Fig. 3.19
(solid lines), while the seond olumns of ε′ and D′s/D0 orrespond to the dashed-lines
in Fig. 3.19; when no value is given, the values from the rst two olumns apply. In
all ases cy = 1.4 and η∞ = 0.3 kBT/(D0RH) are used.
φeff ε Ds/D0 ε
′ D′s/D0
0.527 - 0.08 0.15
0.540 - 0.05 0.15
0.567 - 0.01 0.15
0.580 0.005 0.13 - 0.01 0.15
0.608 0.02 0.11 - 0.003 0.15














































Figure 3.18: Ageing experiment on a dense ore shell suspension in the glassy state (φeff = 0.622,
T = 14 oC). The storage G′(ω) and loss G′′(ω) moduli for dierent waiting times
tw. The data have been also plotted as funtion of ωt as suggested reently [205, 233℄.


























Figure 3.19: Fits with mirosopi MCT to the linear-response moduli G′(ω) (upper panel) and
G′′(ω) (lower panel) for the paking frations φeff = 0.527 (blak diamonds and
lines), φeff = 0.540 (violet), φeff = 0.567 (light blue), φeff = 0.580 (red), φeff = 0.608
(dark blue), and φeff = 0.622 (orange). Continuous lines give the ts optimized for
desribing the storage modulus G′(ω); these ts are also shown in Figs. 3.12 to
3.14, and the orresponding parameters are inluded in Fig. 3.16, and summarized
in the left two olumns in table 3.2. Broken lines for φeff = 0.580 (red, overlapping
with the solid light blue urve), and φeff = 0.608 (dark blue; the same urve would
t φeff = 0.622) show mirosopi MCT alulations attempting to t the minima
in G′′(ω) enforing negative separation parameters ε (parameters inluded in table
3.2). These uid like spetra an rationalize G′′(ω), but fail qualitatively to desribe
G′(ω). Vertial bars in orresponding olors denote the frequenies below whih
rystallization aets the data at the dierent φeff .
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shemati and the mirosopi model. Nevertheless, the loss modulus G′′(ω) rises at low
frequenies, learly indiating the presene of a dissipative proess. It is not aounted
for by the present theory. Also, the storage modulus G′(ω) shows some downward bend
at the lowest frequenies.
These deviations an not be rationalized by ageing eets or non-linearities in the re-
sponse; see Fig. 3.18. We heked the dependene on time sine quenh to this glass state
and also the linear dependene of the stress on the shear amplitude. While we nd ageing
eets shortly after essation of pre-shear [205, 210, 211℄, these saturate after one day,
when the drifts of the spetra ome to a stop. Ageing eets do not hange the spetra
qualitatively, as the dissipative proess appears to possess a nite equilibrium relaxation
time. As suggested reently for dense PNIPAM mirogel dispersions [205, 233℄ the same
data have been plotted as funtion of ωt. Here, t is the total waiting time and is dened as
funtion of the waiting time tw before starting the measurement and the time δ(t(ωn)) ex-
pired between tw and the aquisition of the data as t = t(ωn) = tw+ δ(t(ωn)). The urves
ollapsed in the master urve in the low frequeny range up to ωt ≈ 3000 as expeted
from ageing theory for waiting time tw < 8200 s. This predition is no more respeted for
longer waiting times, where an additional relaxation proess is identied. This supports
the introdution of hopping phenomenon in our model, with a harateristi relaxation
time of the order of 104 s (≈ R2H/δD0 = 108R2H/ΓD0 = 8.8 103 s see Fig.3.14).
Let us stress, moreover, that the state shown in Fig. 3.14 is not a uid state within the
present approah. The presene of an elasti window in G′(ω), its inrease as funtion of
paking fration, and the upward urvature of the ow urves rule out a negative sepa-
ration parameter ε < 0 of this state at φeff = 0.622. Calulations within the mirosopi
MCT doument this onviningly. Figure 3.19 ompares the MCT alulations for hard
spheres with moduli ranging from uid to glassy states. By adjusting the eetive pak-
ing fration, MCT semi-quantitatively desribes the dominating modulus, either loss or
storage one, for all states (orresponding urves already shown in Figs 3.12 to 3.14). At
high onentrations, it desribes the storage modulus G′(ω) on an error level of 1kBT/R
3
H ,
and misses the loss modulus G′′(ω) by a similar absolute error. Yet, beause the latter
is itself of the order of G′′(ω) ≈ 1kBT/R3H in the measurements, MCT fails to desribe
G′′(ω) adequately. If, however, the eetive paking fration in the MCT alulations is
adjusted to math the loss modulus G′′(ω), then this t fails ompletely to apture G′(ω)
at high densities; see the dashed lines in Fig. 3.19. Beause the storage modulus, however,
dominates the linear mehanial response of the glass, the seond t needs to be rejeted.
In onlusion, MCT orretly identies the transition to a glass at high densities with
dominating elasti response and yielding behavior under ow. It misses an additional
dissipative proess, whih ontributes on the 10% level to the shear moduli and stresses
in the frequeny and shear rate window explored in our experiments.
The existene of an additional dissipative proess ontradits the notion of 'ideal' glass
states as desribed by the present ITT or MCT approah. Clearly, the system at
φeff = 0.622 beomes a uid at even longer times, or lower shear rates and frequen-
ies than observed in Fig. 3.14. This does not, however, ontradit the observation that
the strutural relaxation as aptured in the ITT equations has arrested. In an exten-
sion of the ITT approah, it is possible to aount for the additional deay hannel in a
an extended shemati model (see setion 3.2.4). Results from this extended F
(γ˙)
12 -model
are inluded in Fig. 3.14 and demonstrate that none of the qualitative features disussed
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within ITT hange at nite frequenies or shear rates. The additional proess leads to
uid behavior at even lower ω or γ˙, and needs to be taken into aount only, if exeed-
ingly small frequenies or shear rates are tested; its relaxation time at φeff = 0.622 exeeds
108R2H/D0 = 8.8.10
3
s. It does not shift the loation of the 'glass transition' as dened
within the idealized ITT (MCT) approah, beause this is already determined by the
shapes of the ow urves and spetra in the observed windows.
3.2.6 Summary
In the present hapter, we explored the onnetion between the physis of the glass tran-
sition and the rheology of dense olloidal dispersions, inluding in strong shear ow.
Using model olloidal partiles made of thermosensitive ore-shell partiles, we ould in-
vestigate in detail the viinity of the transition between a (shear-thinning) uid and a
(shear-molten) glass. The high sensitivity of the partile radius to temperature enabled
us to losely vary the eetive paking fration around the ritial value. We ombined
measurements of the equilibrium stress utuations, viz. linear storage and loss moduli,
with measurements of ow urves, viz. nonlinear steady state shear stress versus shear
rate, for idential external ontrol parameters. In this way we ould verify the onse-
quenes from the reent suggestion, that the glassy strutural relaxation an be driven by
shearing and in turn itself dominates the low shear or low frequeny rheology.
In the employed theoretial approah developed in the group of Prof. M. Fuhs, the equi-
librium struture as aptured in the equilibrium struture fator Sq sued to desribe
all phenomena qualitatively. As only exeption, we observed an ultra-slow deay of all
glassy states that is yet not aounted for by theory. Mirosopi alulations were possi-
ble for the linear response quantities using mode oupling theory applied to hard spheres.
Shemati model alulations were possible within the integration through transients ap-
proah, and simultaneously aptured the linear and nonlinear rheology using idential
parameter sets. Semi-quantitative agreement between mirosopi and shemati model
alulations and with the measured data for varying eetive paking fration ould be
ahieved adjusting a small number of t parameters in smooth variations.
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4 Assoiation
4.1 Reversible self-assembly of omposite mirogels.
4.1.1 Introdution
Poly(N-isopropylarylamide) mirogels present a versatile phase behavior: on one hand
they an behave like hard sphere with a liquid-rystal transition below the ritial tem-
perature as disussed in the hapter 2.3. On the other hand in the absene of eletrostati
stabilization or in saturated salt onentrations the partiles beome attrative after the
low ritial solution temperature [28, 29℄.
This leads to a partially or totally reversible aggregation of the system in the dilute
regime and to the gelation of the system for higher onentrations [25, 27, 30, 234℄. The
dependene of the ritial oulation temperature (CTF) of PNIPAM mirogels on the
onentration of CaCl2 was reported by Pelton and Chibante [235℄. The inuene of the
temperature and of the NaCl onentration was studied by Rasmusson et al. [236℄. The
authors demonstrated that the oulation of the PNIPAM partiles is onsistent with a
weak reversible oulation model. Zhu and Napper investigated the aggregation kinetis
of omposite PS/PNIPAM ore-shell partiles in the presene of dierent eletrolyte and
reported some unexpeted ion eets [237, 238℄. Duraher et al. desribed the stability of
ationi ore-shell systems PS/PNIPAM [239℄. The inuene of the initiator onentration
on the CFT was disussed as well. They also measured the eletrophoreti mobility of the
partiles below the LCST, whih was supported by a more reent study on anioni and
ationi ore-shell partiles given by López-León et al. [72℄. These two studies reported
the derease of the LCST with inreasing salt onentrations.
The phase transition in the PNIPAM shell of omposite Polystyrene/Poly(N-
isopropylarylamide) ore-shell partiles has been investigated by diverse methods as
disussed in the hapter 2.1. Moreover it was onsidered as suitable model system for
the understanding on the nature of liquids, solids and glasses as shown in the hapter 3.2.
Ishikawa et al. [240, 241℄ and Hofkens et al. [242℄ investigated the laser-indued phase
transition of linear PNIPAM in aqueous solutions. Submirometer aggregates have been
obtained as a result from the phase separation ourring by loally heating the system
with an IR laser beam. Besides the photothermal eet, the inuene of the radiation
pressure upon the phase transition has been disussed arefully [242℄. This approah has
been used reently for mirogels mixed with gold nanopartiles. The loal annealing was
used to obtain transition from glass to rystal and rystal to liquid after radiation with a
green laser [11, 243℄.
In this hapter we present a omprehensive investigation on the temperature ontrolled
self-assembly of the ore-shell partiles presented in the hapter 2.1. The aent is rst put




oC as shown by dynami light sattering. To our best knowledge we
investigate for the rst time for this kind of system the oagulation kinetis in the early
stage by dynami light sattering following the method proposed by Holtho et al. [244℄.
The seond part is dediated to the thermogelation of the onentrated solutions followed
by rheologial measurements. The inuene of the attrative interations on the struture
of the samples after drying has been imaged by atomi fore mirosopy and optial
mirosopy. The transition from liquid to attrative glass is aompanied by a strong
inrease of the turbidity. In the last setion of this hapter we investigate the self-assembly
of the partiles at the mirosale indued by fousing a laser on the solutions.
4.1.2 Coagulation kinetis
As shown by Holtho et al. [244℄ the kinetis of Brownian oagulation of partiles in the












where kij is a seond-order oagulation rate onstant, t is the time, and Nz is the total
partile onentration of z-fold aggregates.
The partile onentration of singlets N1 and doublets N2 as a funtion of time an be
obtained by solving eq. 4.1 analytially. Assuming kij = k11 and the initial partile










Developing N1 and N2 for the short times leads to
N1
N0







If we onsider that the oagulation of spherial partiles is just ontrolled by Brownian dif-
fusion, aording to the theory of Smoluhsovski [245, 246℄, the oagulation rate onstant
beomes:





4.1 Reversible self-assembly of omposite mirogels.
where kB is the Boltzmann onstant, T the temperature, and η the visosity of the uid.
Considering the hydrodynami interations and the interpartiles potential leads to a
more ompliated expression [247℄.
In the early stage of the aggregation, where the doublets are formed, the sattering inten-
sity an be expressed as the sum of the sattering intensity I(q, t) of the single partiles
I1(q) and doublets I2(q).
I(q, t) = N1(t)I1(q) +N2(t)I2(q) (4.7)
Using the expression of the singlets and the doublets of the equations 4.4 and 4.5, the
sattered light intensity results in
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the value for the form fator of an aggregate of z idential spheres an be alulated
within the Rayleigh-Gans-Debye approximation [247, 248℄, onsidering that independent
primary partiles within an aggregate with idential satterers. The oagulation rate an
be determined from the stati intensity with
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with a the radius of the primary partiles.
In the dynami light sattering the intensity-weighted average of the diusion oeient
D(q, t) between single partiles and doublets an be alulated from the rst moment or
mean deay rate Γ(q, t).






Aording to the Stokes-Einstein equation, the diusion oeient is related to the hy-





If we onsider oagulation at the early stage, where only doublets are formed, and if we







where rh,1 and rh,2 are the hydrodynami radii of the singlet and doublet, respetively.
Eliminating the number of partiles with eq. 4.4 and 4.5 and after dierentiation, eq.



























Figure 4.1: Experimental setup for the laser ontrolled oagulation experiment.
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where the doublet hydrodynami radius is given by rh,2 ≈ 1.38rh,1 [249℄.
A ombination of both stati and dynami light sattering from the equation 4.9 and 4.13















The ore-shell partiles with 5 mol.% rosslinker desribed in the hapter 2.1 were used in
this hapter. The kinetis of the oagulation was investigated by dynami light sattering
(DLS) using a Peters ALV 5000 light sattering goniometer where the temperature was
ontrolled with an auray of ± 0.1oC as. The reversibility of oagulation was measured
by DLS with a Zetaziser (Malvern model nanoZS) in bak sattering at 173
o
with a
strit ontrol of the temperature set by Peltier elements at ± 0.1oC. Cryogeni eletron
mirosopy was performed as desribed in setion 2.1.2.
Sanning fore mirosopy (SFM) experiments were arried on at room temperature a
Dimension 3100 mirosope (Veeo Instruments In.). The SFM was operated in tapping
mode using silion tips with a spring onstant of ira 40 Nm−1 and a resonane frequeny
ranging from 200 to 300Hz. The san rate was varied between 0.5 and 1.0 Hz to optimize
the image quality. The samples have been prepared as followed: a drop 30 µL 0.1 wt%
latex solution has been deposited on siliium wafer and dried at 60
oC. The same samples
were then examined in a Zeiss Axioteh vario polarized optial mirosope in reetion.
The experimental setup for the laser ontrolled self-assembly onsists on an inverted mi-
rosope with a laser port (Olympus IX-71) (see g. 4.1). Two mirrors mounted on
magnet losed loop galvano sanners are situated in a onjugate onfoal plane with a
100
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A) B)
Figure 4.2: A) Hydrodynami radius of the ore-shell latex versus temperature, as determined by
dynami light sattering. Without salt (hollow symbols) the PNIPAM network shrinks
upon heating and remains stable even at high temperature. With addition of salt
(5.10
−2
M KCl) the partiles oagulate above the Low Critial Solution Temperature
(LCST) around 33
o
C. B) Reversible oagulation of a 2.5.10
−3
wt. % dispersion mea-
sured by dynami light sattering with the Zetasizer as funtion of the time hanging
the temperature above and beyond the LCST.
sanning point in the sample. The onjugate planes are formed with the help of two
lenses teleentri system and an objetive. The latter serves both for fousing of the laser
beam and for observation of the sample. The laser (Coherent Verdi V-5, λ = 532 nm)
an be foused down to below 1 µm by the objetive (Olympus LCACHN 40xPH) and
typial power values are between 0.1 and 100 mW . The ell is mounted horizontally in a
temperature-ontrolled xyz-stage. It has a gap thikness of 50 µm (Hellma 106-QS) . The
sample is illuminated by a white light soure (halogen lamp) with Köhler illumination
[250℄. The interferene lter in front of the amera avoids damage to the CCD hip by
foussed laser or uoresent light [251℄. The pitures are taken with a CCD amera (PCO
pixely).
4.1.4 Results and Disussion
Reversible oagulation and stability
The struture and the swelling of the partiles used in this setion have been arefully
investigated in hapter 2. The volume transition within the shell an easily be studied
by dynami light sattering (DLS) as desribed in the setion 2.1.4. Figure 4.2 A) shows
the dependene of the hydrodynami radius RH determined by DLS on the temperature.
RH dereases gradually with temperature until a sharp volume transition from swollen to
unswollen states takes plae, reahing a nal ollapsed size at a transition temperature
around 38
oC. Without addition of salt this proess is thermoreversible without any
hysteresis.
Addition of 5.10
−2 mol.L−1 KCl leads to a slight shrinking of the partiles. This phe-
nomenon has been already investigated in reent studies [72℄. The addition of salt sreens
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the residual eletrostati interation of the partiles as shown by eletrophoreti mobil-
ity measurements [72℄. Hene, at higher temperatures the dispersions beome unstable
and aggregate [72℄. Aggregation takes plae between 32 and 33
oC, whih is lose to the
LCST value determined from the dynami light sattering analysis at 32.2
oC (see se-
tion 2.1.4). This asserts that the system interats solely through steri interation below
the LCST, whih makes it suitable as a model dispersion as demonstrate in the setion
rystallization (see hapter 2.3) and in the investigation of the dynamis in equilibrium
and in ow (see hapter 3.2). In the dilute regime the reversibility of the aggregation
proess has been investigated by dynami light sattering (see g. 4.2b)). For this pur-
pose the Zetasizer was used, where the temperature ontrolled by Peltier elements an
be rapidly adjusted. In this experiment the system is rst maintained 10 min at 25oC,
then heated rst at 32
oC, and after at dierent temperatures from 33oC to 35oC. The
ooling proess was then reorded rst at 32
oC and then at 25oC. Whereas the system is
stable at 25 and 32
oC it aggregates at 33oC. The aggregation speed was found to inrease
with inreasing temperature and the hydrodynami radius varies between 150 and 400
nm within 10 min. Cooled down at 32oC the hydrodynami radius sharply dereased
to reahed the same value as before the aggregation ourred, whih was also heked at
25
oC. In opposition to ore-shell system with linear PNIPAM, whih usually aggregates
in a non reversible way [237℄, the aggregation was found to be totally reversible in this
experiment. Above 32
oC the partiles shrink whih is aompanied by a diminution of
steri interations. This last ones are not able to ompensate the van der Waals attrative
interations whih results in the aggregation of the system. The dense ross-linked shell
around the polystyrene partiles prevents the interpenetration of the networks. Cooling
down indues the reswelling of the partile and the onset of the strong osmoti pressure
bringing the system to separate again. The response of the system is fast due to the size
of the mirogel. Moreover when the aggregation proess is mostly limited to the diusion
of the partiles in the fast mode regime [244℄ the dissolution of the aggregates was found
to be muh faster for the investigated onentrations.
The kinetis of the aggregation proess has been investigated by DLS as funtion of the
temperature for dierent onentrations in presene of 5.10
−2 molL−1 KCl. The treat-
ment was performed following the method proposed by Holthof et al. [244℄. Fig. 4.3
presents the evolution of the normalized hydrodynami radius for the dierent temper-
atures measured at 90
o
for a 1.25.10
−3 wt% solution. The same experiment has been




experiment was performed as follow: 2.3 mL of the latex solution was equilibrated at the
wished temperature in the DLS for 20 min. Then 0.2 mL of a 0.625 molL−1 KCl main-
tained at the same temperature were quikly added to set the salt onentration at 5.10
−2
molL−1. After homogenization the measurement was started. The ountrate and the
hydrodynami radius resulting from the seond umulant analysis were then monitored
as funtion of the time at a sattering angle of 90
o
. The hydrodynami radius was rst
found to derease after the addition of the salt and then to inrease following the aggrega-
tion proess. The intensity was rst onstant and then inreased. After few minutes the
intensity dereased. This an be attributed to the form fator of the aggregates following
the aggregation proess [244, 247, 248℄. Only the dynami light sattering experiments
have been treated in the following study onsidering the diulty to analyze the stati
light sattering experiments. The initial hydrodynami radius RH,0 was onsidered at the
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−3 wt% solution at dierent temperatures. The time
has been resaled to the beginning of the oagulation proess. The full lines indiate
the initial slope onsidered in the alulation of the oagulation rate onstant (see eq.
4.13).
beginning of the aggregation. The initial slope of the normalized hydrodynami radius or
intensity was used to alulate the oagulation rate onstant k11 from the dynami light
sattering experiment using the equation 4.13. This method onsiders the form fator
and the hydrodynami radius of a doublet of hard spheres [244, 247, 248℄. The assump-
tion does not neessary fully hold in the ase of the omposite mirogel whih are rather
ompressible at least below 40
oC.
The dierent results are presented in the Fig. 4.4 in form of a stability ratio W whih
orresponds to the ratio between diusion limited oagulation rate onstant 2ks aording
to the Smoluhsovski theory (see equation 4.6) and the experimental oagulation rate
onstant k11. W beomes nearly onstant after 34
oC with an average value of 3.8.10−18 ±
0.4 m2s−1. Holthof et al. investigated the inuene of dierent salts on the oagulation
rate measurement of sulfonate stabilized polystyrene partiles [244℄. They report a value
of 4.3.10
−18 ± 0.4 m2s−1 for the fast oagulation rate onstant using KCl as eletrolyte
[244℄. Our experiment is in reasonable agreement with the ones reported partiularly
onsidering the omplexity of our system and the experimental error mostly related to
the sensitivity of k11 to the presene of trae amounts of impurities [244℄. As a onlusion
the oagulation of the omposite partiles an be ontrolled by the temperature and by the
salt onentration. Steri interations ontribute mostly to the stability of the system.
The fast oagulation rate onstant is reahed in the viinity of the end of the volume
transition in the polymeri shell after 34
oC.
In g. 4.5 the hydrodynami o size is plotted as funtion of the time in a log-log
representation for the longer times. Four sets of data are presented for a 1.3.10
−3 wt%
solution at 32.8
oC, 33oC, 36oC and 40oC. For aggregates showing fratal strutures,
with fratal dimension df , the radius R of the os inreases with the time t aording
to a power law [252℄, R ∝ tz where z = 1/df . The fratal dimension an be alulated
from the slope. For temperature higher than 32.8
oC the slope beomes onstant and a
mean value of df = 2.05 ± 0.03 is obtained. This value is signiantly greater than the

































Figure 4.4: Stability ratio (W = 2ks/k11) measured at dierent temperatures and onentrations.
The experimental aggregation rate onstant k11 has been determined by dynami light
sattering from the equation 4.13 whereas 2ks is obtained from the expression derived














Figure 4.5: Log-log plots of average o radius (symbols) as funtion of time for the longer times
for a 1.3.10
−3 wt% solution at 32.8oC (irles), 33oC (squares), 36oC (down trian-
gles) and 40
oC (up triangles).
irreversible aggregation. The same observation was done by Rasmusson et al. [236℄ on
the temperature ontrolled oulation of mirogels partiles with sodium hloride. The
authors reported a fratal dimension of about 2.0 from the same kind of analysis below
the LCST. They interpreted this value as an indiation of a weak reversible oulation
model, whih was supported by their estimation of the depth of the minimum in the
interpartile pair potential. Nevertheless for similar PNIPAM based mirogels Routh and
Vinent reported that the df dereases from 2 around the CTF to 1.75 at temperature
greatly higher than the CFT and than the LCST [253℄. It is not the ase for the ore-shell
partiles were the fratal dimension remains equal to approximately 2.0 even at higher
temperatures. This hints to the higher stability of the ore-shell system under these
experimental onditions. The reversibility of the oagulation presented in g. 4.2 B)
onrms this assumption.
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10°C 17°C 30°C 35°C 45°C
Figure 4.6: A) Complex visosity η∗ as funtion of the temperature (10 min/oC) for 1 Hz and 1
% for dierent onentrations with 5.10−2M KCL: 12.1 wt % (full line), 10.75 wt
% (dashed line), 8 wt % (dotted-dashed line) and 6 wt % (dotted line). B) Diret
observation of the 12.1 wt % solution at dierent temperatures. C) Redued visosity
η∗/ηs of the dierent onentrations as funtion of the eetive volume fration φeff
for temperatures below 25
oC.
From repulsive to attrative glasses
The inuene of the attrative interations has been then investigated for more onen-
trated solutions varying between 6 and 12 wt%. The phase diagram of the PNIPAM
mirogels has been already intensively studied experimentally [7, 2527, 30, 234℄, and is
rather well understood theoretially [27℄. The omposite mirogels were found to follow
the same features. Indeed the rystallization and the glass transition of this system has
been presented in the hapter 2.3 and 3.2. It was found that below 25
oC the system
behaves like hard spheres. For eetive volume frations below 0.49 the solution are in
the liquid state whih is haraterized by a smaller turbidity. Raising the temperature
above 32
oC the system beomes white and opaque. After a longer time a phase sepa-
ration ours. For less onentrated systems this results immediately in the oagulation
of the system. As an example g. 4.6 B) displays the a 12.1 wt% solution maintained
at dierent temperatures for half an hour. At 10
oC the solution is in the glassy state
and the solution appears bluish. The orresponding volume fration alulated for this
temperature is equal to 0.63. At 17
oC whih orresponds to an eetive volume fration
of 0.54, partiles rearrange into rystals. This is aompanied by the hange of the solu-
tion olor to green due to the Bragg's reetions. At 30
oC the solution is in the liquid
state. The samples at 35 and 40
oC present the solution after the oset of the attrative
interations. The solution beomes white and opaque and remains relatively stable after
30 min, whereas the solution at 45oC learly shows a phase separation.
An appropriate method to follow the phase transition of the system is to measure the
omplex visosity η∗ of the system as funtion of the temperature (see g. 4.6 A)) [25, 30℄.
A deformation of 1% and a frequeny of 1 Hz have been used whih remains in the
linear visoelasti domain at least for temperatures below 32
oC. Thus the transitions
within the system an be measured without disturbing the system. The measurements







Figure 4.7: A)C) SFM mirographs and optial mirosopy of a 0.1 wt% omposite mirogels
solution ontaining 5.10
−2 molL−1 KCl after dropasting and drying at 60oC on
siliium wafer. C)D) SFM mirographs and polarized optial mirosopy of a 0.1 wt%
omposite mirogels solution without addition of salt after dropasting and drying at
60
oC on siliium wafer.
temperature at a rate of 0.175
oC/min after shearing 5 min at 100 s−1 to remove all the
history of the sample. As shown in g. 4.2 the hydrodynami radius dereases with
inreasing temperatures. This leads to a derease of the eetive volume fration φeff
aompanied by a derease of η∗. For a better understanding of this experiment when the
system is purely repulsive, whih orresponds to temperatures below 25
oC, the redued
visosity η∗/ηs has been plotted as funtion of φeff . The alulation of φeff for this
system desribed in the setion 2.3.3 onsiders the evolution of the hydrodynami radius
as funtion of the temperature. η∗/ηs dereases slowly between 0.63 and 0.545, whih
orresponds to the rystalline and glassy state (solid state). In the liquid/rystalline
oexistene domain between 0.494 and 0.545 the redued omplex visosity dereases muh
faster. For eetive volume below 0.494, orresponding to the melting of the rystallites,
the solution is in the liquid state and the redued visosity dereases slower. After 33
oC a
gelation proess an be observed, where the omplex visosity inreases for more than four
deades within approximately 2
oC. A maximum was observed at 35.3oC for 12.1, 10.7
and 8.0 wt% solutions, whereas the 6 wt% solution ontinuously inreases. This an be
related to a earlier phase separation for less onentrated systems. After this maximum
the visosity dereases again and reahes a plateau. This an be attributed to the phase
separation of the system as shown on the photograph in g. 4.6 B) at 45
oC. At this point
the measurement an just be onsidered qualitatively as the assumption of an isotropi
material is not respeted anymore.
Sanning Fore Mirosopy and optial mirosopy were performed in order to image the
inuene of the attrative interations on the struture of a dense suspensions after drying
on a siliium wafer at temperature above the LCST (see g. 4.7). To this purpose 0.1
wt% solutions have been prepared, one without salt and one with 5.10−2 molL−1 KCl.
After drop asting on siliium wafer, the solution have been quikly dried at 60
oC in the
oven. The salty solution shows a metastable struture and a rather rough surfae arising
from the attrative interations. This was onrmed by the optial mirosope equipped
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Figure 4.8: Miroaggregation of the omposite mirogels maintained at 34
oC after dierent time
of irradiation of a 10.75 wt.% latex solution with a laser power of 1W . The ab-
sorbane A(r) is plotted as funtion of the radial distane. The dashed line presents
the alulation from the absorbane alulated after the LCST at 35.4
oC from eq.
4.15. The full lines present the best t onsidering the adsorption of the aggregate as
adjustable parameter.
with a polarizer where no iridesene ould be observed. Indeed at high temperatures
the partiles start to stik together, whih prevents any ordering with inreasing onen-
tration. On the ontrary without salt the solution is still stable at high temperatures.
The eletrostati interations prevent the partiles to ome into ontat, and allow them
to order during the drying proess. Ordered domains and a more ompat struture an
then be observed by SFM, as already shown for similar systems by Hellweg and al. [59℄.
The ordering an be visualized by polarized optial mirosopy in the form of photoni
rystals.
Laser ontrolled miro-patterning
As shown by Lyon and oworkers, phase transition an be obtained on the mirosale by
fousing a green laser on a mirogel solution doped with gold nanopartiles [11, 243℄. A
transition from the glassy to the rystalline state, and from rystal to liquid ould thus
be obtained by loally heating the sample.
We have performed similar experiments, however, with a temperature losely below the
LCST in order to indue a transition from liquid to attrative glass. Due to a slight






















Figure 4.9: Evolution of the radius in µm (hollow symbols) and of the absorption A (in µm−1)
(full symbols) of the aggregate obtained during the irradiation of a 10.75 wt% solution.
Dashed line indiates the essation of the irradiation.
additional dye or gold doping. The reason for the optial absorption is still unlear and
the absorption spetrum is diult to measure by onventional UV-VIS-spetrosopy due
to the strong sattering bakground. Nevertheless, as will be demonstrated below, we
have been able to determine the absorption oeient, at least at the laser wavelength,
from the observed sample heating.
The whole experiment was performed with an inverted optial mirosope equipped with
a CCD amera and a laser port through whih the beam of a diode-pumped frequeny
doubled solid state laser ould be oupled in and foused onto the sample. A ell of d = 50
µm thikness was employed and the sample was equilibrated at a measured temperature
of 32.2
oC for 30 min before starting the experiment. Sine the temperature is measured
at the sample holder, it does not represent the exat temperature within the liquid and
needs to be orreted. The temperature oset was determined by slowly heating the
sample with a rate of 0.013
oC/min, thereby keeping the laser o and observing the overall
optial transmittane. The ollapse of the PNIPAM shell and the formation of aggregates
are aompanied by a strong inrease of the turbidity at a temperature of 33.0
oC (g.
4.6). This temperature has been used as an internal referene in order to orret the
temperature measured outside of the sample ell.
The laser power was adjusted to 100 mW and foused into the enter of the ell. Im-
mediately, a strong onvetive ow is observed. Beause of the strong onvetion, the
temperature of the illuminated volume inreases only moderately. After approximately
300 s suddenly a stable luster forms within the laser fous. The aompanying strong
visosity inrease (see g. 4.6 A)) leads to an immediate jamming and onvetion eases.
Without onvetion, heat is no longer eiently transported away from the laser fous
and a ondutive state with a stationary temperature distribution develops within a few
seonds. Due to the inreased sattering, the aggregated region appears as a dark spot in
the transmission mirograph.
Fig. 4.8 shows the time evolution of the aggregated spot over a longer time. Already
from a visual inspetion of the mirographs it is apparent that the spot quikly reahes
its nal diameter and that there is only a slight inrease of ontrast over time. At t = 5100
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s the laser was swithed o and the aggregates dissolved within a few seonds. Only a
small `bubble' at the position of the laser fous persisted even after ve minutes. For a
shorter exposure time of 500 s no irreversible hange was observed and the whole spot
dissolved instantaneously without leaving any residue. Possibly, the bubble is aused by
a marosopi phase separation as observed in g. 4.6 at 45
oC, but also thermodiusion
[254256℄ may play an important role.
Sine above 33.0
oC the ollapse of the PNIPAM-shell and the aggregate formation our
very rapidly, the dark region marks the volume where the stationary temperature prole
exeeds this ritial value, just reahing it at the perimeter.
Sine the aggregation proess is not expeted to hange the refrative index, we use the
piture of a spherial objet where the light passes through without refration. Then, the
attenuation of a beam traversing the sphere at a distane r from the enter is given by
A(r) = − ln G(r)
G0
= 2(αagg − αliq)(R2 − r2)−1/2 (4.15)
G(r) and G0 are the gray values measured at the position r and far away from the
aggregate. αagg and αliq are the attenuation oeients of the aggregate and the liquid
state, respetively. Numerial values of the attenuation oeients will be given later in
the text.
In g. 4.8 we have tted semiirles to ross setions through the enter of the spot in
order to obtain some quantitative parameterization. The determined diameter and gray
sale amplitude are plotted in g. 4.9. As desribed above, the onstant radius of R ≈ 20
µm and the slight amplitude inrease an learly be seen.
The diameter 2R ≈ 40 µm is omparable to the ell thikness of d = 50 µm and renders
the objet, in a rude approximation, spherial. In a dierent ontext, we have performed
detailed numerial alulations of the temperature prole reated by a laser in a thin
liquid layer sandwihed between two optial windows [255℄. There, the isothermal surfaes
resemble the shape of a football rather than a sphere. Suh a detailed treatment is,
however, beyond the sope of the present study.
Knowing the temperature T0 = 32.2
oC far away from the enter and the temperature
T (R) on the surfae of the `sphere', we an use this information to determine the power Q˙
absorbed from the laser beam and, hene, the optial absorption oeient. Integration
of the total heat ux through a sphere entered around the laser fous from innity to R
yields
Q˙ = 4πκR (T (R)− T0) . (4.16)
We take κ = 1.0 W (mK)−1 as average heat ondutivity for the window material
(Suprasil, κ = 1.36 W (mK)−1) and water (κ = 0.6 W (mK)−1). Inserting the numbers
yields Q˙ = 200 µW .
In the weak absorption limit (αad ≪ 1) the absorbed power is related to the optial
absorption oeient αa by
Q˙ = P0αad (4.17)
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P0 = 100mW is the laser power at the position of the sample. With above assumptions we
obtain αa = 4×10−5 µm−1. In order to ompare this to the sattering losses in the sample
we measured the intensity transmitted through a homogeneously heated sample below and
above the transition temperature. After normalization to the transmittane of an empty
uvette, we ould derive white-light averaged attenuation oeients of αliq = 3.8× 10−3
µm−1 and αagg = 2.4 × 10−2 µm−1, respetively. Thus, even in the transparent non-
aggregated state, the sattering losses are muh larger than the absorption losses, and
the attenuation oeients αliq/agg = α
liq/agg




In order to obtain an estimation of the temperature inside the aggregate, we onsider
a sphere of radius r < R that is entered around the laser fous. The total power Q˙s
absorbed within the sphere is proportional to the optial path length inside this sphere:
Q˙s = Q˙ 2r/d ≈ Q˙ r/R. Assuming isotropi heat transport for simpliity, this power is
onduted through the surfae of the sphere aording to
Q˙r
R
= −4πκr2δrT (r) (4.18)
Integration of Eq. 4.18 yields a weak logarithmi temperature inrease towards the enter
of the sphere:






+ T (R) (4.19)
Remember that T (R) is the transition temperature that denes the surfae of the aggre-
gated sphere of radius R. If we insert r = 1 µm for the laser fous, we an estimate a
temperature of 36.2oC in the enter.
An interesting question arises with respet to the observed onvetion prior to aggregate
formation. Within above model the radiation fore due to the sattering and absorption
proesses, Fr = P0α
liqd/c, with c being the speed of light, exeeds the buoyany fore at-
ing on the heated volume by several orders of magnitude. Hene, the observed onvetion
is not of thermal origin but rather aused by the radiation pressure of the laser beam.
4.1.5 Summary
Composite partiles PS/PNIPAM reversibly swell and deswell as funtion of the temper-
ature ause of their remaining eletrostati interation. Adding 5.10
−2 molL−1 KCl, the
system is only sterially stabilized, whih results in a reversible oagulation proess after
32
oC. The reversibility of the proess was attributed to the dense rosslinked shell avoiding
the interpenetration of the network. The kinetis have been investigated by dynami light
sattering. The fast regime was reahed after 34
oC whih orresponds approximately to
the end to the phase transition of the PNIPAM shell. Inreasing the onentration over
8 wt%, the onset of the attrative interation was aompanied by an inrease over 4
deades of the omplex visosity between 33 and 35
oC aompanied by a strong inrease
of the turbidity. This an be onsidered as a transition from liquid to attrative glass,
for higher temperatures or a longer time the system presents a phase separation. Even
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after the phase separation the system an be easily redispersed after ooling down and
agitation. This phenomenon an be ontrolled on the mirosale by fousing a laser in
the solution maintained lose to the transition temperature. Stable aggregates of about
20 µm were obtained after 5 min irradiation. The aggregates quikly get dissolved after
swithing o the laser for exposure time lower than 15 min, for longer exposure times a
small aggregate of the size of the foal volume remained. The origin of the onvetion
was laried. The temperature gradient after the formation of the aggregate ould be
suessfully approximated in agreement with the experimental observations.
This hapter presents this system as the ideal andidate for the study of attrative glasses
or for the loal phase transition. Moreover its responsivity, its reversibility and the strong




4.2 Eletrostati Dipole Formation by Assoiation
between Composite Mirogels and Gold
Nanopartiles
4.2.1 Introdution
Biologial olloidal systems like virus and proteins often present a omplex and dened
struture with dierent funtionalities whih is the prerequisite of their spei and tar-
geted appliations. They an be onsidered in many ases as omplex polyeletrolytes
with a pathy struture, a mosai of negative, positive or neutral areas.
Obtaining suh strutures synthetially is muh more hallenging. Complex geometries
and dened lusters ould be obtained via pikering emulsion and evaporation of the
solvent as initiated by Pine et al. on mirometri partiles [257℄ and on bidisperse olloids
[258, 259℄. This approah was reently extended by Wagner et al. to olloidal system
[260℄. Another strategy onsists on the use of a template as shown reently by Xia et al.
[261℄. Nevertheless most of the time these lusters are not speially funtionalized and
lak of long ranged interations.
At the same time many eorts have been put into the synthesis and haraterization of
Janus systems [262268℄, whih present a versatile behavior and interesting properties
as stabilizers for instane [265, 267℄. Most of these new systems rely on their ambivalent
nature, nevertheless it remains diult to synthesized stable olloidal eletrostati dipoles.
Indeed mixing oppositely harged olloids most of the time leads to the destabiliza-
tion of the system [269℄. In this setion we onsidered the assoiation of ationi
gold nanopartiles with thermosensitive anioni ore-shell mirogels polystyrene/poly(N-
isopropylarylamide) in the dilute regime.
For this purpose ationi gold nanopartiles were prepared as desribed formerly by Ni-
idome, where the authors illustrated their appliation in the funtional gene delivery and
anerous ells detetion [270℄. The use of inorgani nanopartiles for gene therapy suh
as amino-modied silia nanopartiles and ationi gold nanopartiles was reently re-
ported [270272℄. The speial harater of these nanopartiles diers from that of organi
gene arrier moleules, and they are expeted to be a novel base material for the next
generation of funtional gene arriers. Gold nanopartiles have the advantages of easy
preparation and the possibility of hemial modiation of the surfae. Moreover they
have been found suitable in many appliations spanning from atalysis and nano-eletroni
to treatment and detetion of anerogeni ells [273275℄.
On the other hand omposite mirogels have been intensively studied and used in many
appliations from the protein adsorption [19, 20℄ to the use as template for the redution
of metal nano-partiles [2123℄. Inreasing the temperature these mirogels swell and
deswell in a ontinuous or disontinuous fashion following their degree of ross-linking
as shown in the setion 2.1.4. Not only the size of the partiles an be ontrolled with
the temperature, but also their potential. As presented in the former setion, systems
synthesized by seeded emulsion polymerization with an anioni initiator were found to
present some eletrostati originated from remaining initiator fragments mostly based on
the surfae of the ore partiles. This ensures the stability of the system even after the
112
4.2 Eletrostati Dipole Formation by Assoiation between Composite Mirogels and
Gold Nanopartiles
volume phase transition. Thus the interation potential an be adjusted ontrolling the
size and salt onentration of the dispersion. In an exess of salt, the system is not stable
anymore above the volume phase transition and was found to reversibly oagulate (see
hapter 4.1).
The eletrostati stabilization related to the presene of negative harges ombined with
the steri stabilization ensured by the shell has already been used to absorb ationi gold
nanorods [31, 32℄ and silver nanopartiles [276℄. Whereas most of the studies foussed
on the adsorption of small partiles, we investigate the adsorption of larger partiles
(size ratio in the range 1 to 4). We present a simple way to suessfully adsorbed the
gold on our omposite mirogels to obtain anorgani/organi doublet or triplet keeping
the dipolar harater of the assoiation. The inuene on the size ratio and on the
preparation is rst disussed. Afterwards we investigate the orrelation between both
partiles by turbidimetri titration, UV light spetrosopy, zeta potential measurement,
dynami light sattering and mirosopi methods. The struture and stability of the
assoiation is onsidered at the end of this setion.
4.2.2 Experimental
Materials
The system used in this study onsists on a polystyrene ore with a rosslinked PNI-
PAM shell ontaining 2.5 mol% BIS (KS2) (see setion 2.1.2 for further details). The
gold nanopartiles were synthesized following the reipe desribed by Niidome et al.
[270℄. The gold nanopartiles were prepared by NaBH4 redution of HAuCl4 in the pres-
ene of 2-aminoethanethiol at a Au/NaBH4/ 2-aminoethanethiol ratio of 56 : 0.1 : 85
(mol/mol/mol). Immediately after the NaBH4 redution, the solution was opaque and
beome a red wine olor. The partiles were then used for the assoiation without further
puriation.
The sample were prepared by slow addition of the 0.28 gL−1 gold solution on dilute miro-
gel solutions. The mirogel onentration was either set at 0.2 gL−1 for the zeta potential




for the sample prepared by titration. The gold nanopartiles were stable for approxi-
mately two weeks, afterwards they started to get adsorbed at the surfae of the glass
ontainer. Thus the haraterization of the gold nanopartiles and the preparation of the
dierent solutions were done with a fresh gold solution within one week.
Methods
Sanning fore mirosopy (SFM) experiments were arried on a ommerial SFM (Model
Dimension 3100, from Veeo Instruments In.) (see setion 4.1.3 for further details). Field-
emission sanning eletron mirosopy (FESEM) was performed using a LEO Gemini
mirosope equipped with a eld emission athode. The samples have been prepared
by spin oating at 2000 rpm on siliium waver for the FESEM experiments, whereas
the SFM samples have been prepared by dipoating on mia. Transmission eletron
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Figure 4.10: Transmission eletron mirograph of a 0.2 wt.aqueous suspension of ationi
gold partiles obtained by NaBH4 redution of HAuCL4 in the presene of
aminoethanethiol. The average radius of the gold partiles was determined at 22.7
± 3.7 nm (see histogram). The stabilization of the partiles by the aminoethanethiol
has been evidene by the presene of a 5-8 nm thin shell around the partiles.
been performed on a Zeiss EM922 EFTEM (Zeiss NTS GmbH, Oberkohen, Germany).
A few miroliters of the solution were plaed on a bare opper TEM grid (Plano, 600
mesh) and the exess of liquid was removed with lter paper.
The turbidity measurement of the adsorption of the gold nanopartiles on the omposite
mirogel was performed on a titrator (Titrando 809, Metrohm, Herisau, Switzerland)
equipped with a turbidity sensor (λ0 = 523 nm, Spetrosense, Metrohm). The 0.28 gL
−1
gold solution was added at a rate of 0.25 mL/min on a 16mL 0.04 gL−1 mirogel solution
at 25
oC.
Dynami light sattering was done using a Peters ALV 5000 light sattering goniometer.
The samples were highly diluted (c = 2.5.10−3 wt%) to prevent multiple sattering. The
deay rate Γ was obtained from the seond umulant analysis for sattering angle from 30o
to 150
o
with an inrement of 10
o
. The zeta potential was determined with the Zetasizer
with a strit ontrol of the temperature set by Peltier elements at ± 0.1oC. For the diret
observation of the stability of the dierent solutions, the sample were equilibrated 30 min
in a thermostated hamber.
4.2.3 Results and Disussion
Cationi gold nanopartiles
Transmission eletron mirosopy has been performed on the ationi gold partiles stabi-
lized by the aminoethanethiol (see g. 4.10). The radius of the partiles alulated from
the TEM has been determined at 22.7 ± 3.7 nm. The stabilization at the surfae of the
partile an be diretly image, by a thin layer of between 5 and 8 nm around the partiles.
The thiol groups have a strong anity with the gold, under neutral onditions the amine
groups are hydrolyzed into NH
⊕
3 providing the ationi harater of the partiles. More-
over the size of the orona respet to the size of the moleule supposes the organization
in a multilayer. In order not to damage this layer the piture have been taken under low
dose onditions. Nonetheless the surfatant is still very sensitive to the radiation and
get easily damage after too long exposure. Thus it is not easy to determine its thikness
preisely. The average hydrodynami radius has been also measured by dynami light
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Figure 4.11: Adsorption of the ationi gold nanopartiles on the omposite mirogels. The 0.28
gL−1 gold solution was added to 16 mL 4.10−2 gL−1 latex solution. The turbidity of
the solution was measured during the addition proess. The turbidity was expressed
in term of the absorbane A = −ln(I/I0) where I0 orresponds to the initial intensity
of the latex solution (see text for further details). The dierent number orresponds
to the dierent solutions prepared following the same proedure for dierent gold
onentrations.
sattering between 25 and 45
o
C in bak sattering at 173
o
with the Zetasizer. No signif-
iant dependene on the temperature was observed. The average hydrodynami radius
obtained from the seond umulant analysis was found equal to 27 nm with a relative high
polydispersity index (0.28). On the ontrary of the evaluation of the size by TEM, the
DLS is more sensitive to the presene of aggregates in the solution. Nonetheless this value
presents a nie agreement with the TEM if we onsider the ontribution of the surfatant
layer. The eletrophoreti mobility has been expressed by the way of a Zeta potential
alulated from the Smoluhowski approximation between 25 and 45
o
C. This value was
also not sensitive to the temperature and the average zeta potential was found equal to
27 mV . This onrms the ationi harater of the partiles, nevertheless this value is
lower than the one reported in the literature for the same sample preparation (36.2 mV ).
Turbidimetri titration
Whereas a slow addition of latex on an exess of gold partiles diretly leaded to the
destabilization of the solution, it was possible to add gold on an exess of latex partiles.
For this reason the solutions have been prepared by slow addition of the gold on the ore-
shell partiles. We performed turbidimetri titration in order to follow the assoiation of
the ationi gold nanopartiles onto the omposite migrogels. To this purpose we prepared
a 16 mL latex solution with an initial onentration of 4.10−2 gL−1 and added at a rate of
0.25mL/min a 0.28 gL−1 gold solution. The turbidity of the solution was measured during
the whole addition proess. The gold solution as a strong absorption at 525 nm losed to
the wavelength of the probe (523 nm). For this reason we used the transmitted intensity
I0 of the latex solution as referene to normalize the transmitted intensity I of the solution
and we followed the evolution of the absorbane dened by A = −ln(I/I0) as funtion































Figure 4.12: Zeta potential of the gold nanopartiles (hollow squares), of ore (full irles) and
Core-Shell (full squares) partiles alulated with the Smoluhowski approximation
as funtion of the temperature with and without addition of gold for a 0.2 gL−1
latex solution. Remaining eletrostati interations explain the stability of the latex
at high temperature. Addition of the gold solution is sreening the Zeta potential
(see the dierent onentrations in the legend). An aggregation an be observed for
a onentration of 0.160 gL−1 at 35oC.
linearly until a gold onentration of 0.03 gL−1. After this onentration the absorbane
still inreased linearly but with a lower slope. This deviation was attributed to a fast
aggregation proess followed by the destabilization of the solution, to the shift of the
plasmon maximum towards higher wavelengthes onrmed by a hange of the solution
from red to blue and to the presene of free gold partiles. Four dierent samples were
prepared following the same proedure (see g. 4.11). For a onentration higher than 0.03
gL−1, the solution were not stable and sedimented within an hour. We approximated the
orresponding number ratio between the gold and latex partiles onsidering the density
of gold (19.3 gcm−3), the size of the gold partiles determined from the transmission
eletron mirosopy and the number of omposite mirogel partile present in solution
(as desribed in setion 2.1.2). We found out a ratio of 1.05, whih basially means that
in average no more than one gold partiles ould be adsorbed onto the mirogels under
this onditions. This nding was onrmed after keeping the solutions for more than six
months. Below this ritial onentration the solution ould be very easily redispersed
and no gold was absorbed on the surfae of the glass ontainer whih is a strong indiation
of the orrelation of the gold with the mirogel. On the ontrary for higher onentrations
the solutions ould not be redispersed anymore after two months and a part of the gold
was absorbed on the surfae of the glass ontainer, whih onrmed the assumption of
free gold partiles in the solution.
Zeta potential measurement
We measured the Zeta potential of solution onsisting on 0.2 gL−1 latex solution with dif-
ferent onentrations of gold varying between 5.4.10
−3
and 1.6.10
−1 gL−1. The polystyrene
ore partiles used for the synthesis of the omposite mirogels has been measured as well
as the pure gold nanopartiles solution and the pure ore-shell partiles as funtion of the
temperature (see g. 4.12). The ore partiles presented a relatively onstant zeta poten-
116































































Figure 4.13: A) UV visible extintion spetrum of a pure 0.2 gL−1 ore-shell dispersion (dashed
line) and of 0.2 gL−1 ore-shell dispersion with 0.0280, 0.120 and 0.160 gL−1
ationi gold measured at 20
oC. The inset display the adsorption of the pure gold
(dashed line) and of the three solutions after substration of the latex ontribution.
The position of the maximum adsorption λmax of the gold shifts from 525 to 535
nm after adsorption on the omposite mirogels as shown by the thin dotted lines).
B) Adsorption of a 0.02 gL−1 ore-shell dispersion with 0.120 gL−1 ationi gold
solution measured with inreasing temperature. C) Maximum of the orresponding
plasmon band of the gold nanopatiles as a funtion of temperature (full irles)
ompared with the evolution of polymer volume fration of the PNIPAM shell (hol-
low squares). The full line presents the t following the Flory-Rehner theory (see
setion 2.1.4).
tial at -43 mV over all the temperature range. Conerning the pure ore-shell dispersion
below 32
o
C, the eletrophoreti mobility was found to around -15 mV , reeting both the
low surfae harge density and the high frition oeient of the swollen partiles. How-
ever, a dramati hange in the eletrophoreti mobility versus temperature was observed
above the volume transition temperature. As expeted, the absolute values of the zeta
potential inreased with inreasing temperature due to the thermal sensitivity and shrink-
ing of the PNIPAM shell to reah approximately the value of the ore zeta potential at
high temperatures as desribed by López-León et al. [72℄. The temperature dependene
of the zeta potential ould be interpreted by the inrease in the surfae harge density due
to the redution in the partile size, the enhanement of the loal harge onentration
on the partile's surfae and the fritional oeient redution of the ollapsed partiles.
This eet ould be diretly visualized onsidering the strong bukling up of the shell at
low temperature and the ollapsed form of the shell at higher temperature as shown in
gure 2.2.
Adding gold indued the derease of the absolute value of the zeta potential to be almost
equal to zero for a onentration for a onentration of 1.6.10
−1 gL−1 below the volume
phase transition. At higher temperatures the thermosensitivity was maintained with a
transition around 32
oC. All the measurements presented a mononodale distribution of
the zeta values onrming the assoiation of the gold with the mirogel. For the higher
onentration orresponding to a number ratio of one gold for one mirogel a oaggulation
proess has been observed for temperatures higher than 40
oC. The diminution of the zeta
potential ould be interpreted as an indiation of the assoiation of the oppositely harged
partiles leading rst to the distortion of the harge distribution, to the inrease in the




The assoiation of the gold nanopartiles with the mirogels was investigated by UV-vis
spetrosopy. The dependene of the plasmon adsorption on the size and temperature of
olloidal gold partiles in aqueous solution has been already disussed by Link et al. [277℄.
They found out that monodisperse 21.7 nm gold partiles have a maximum adsorption at
521 nm. The maximum in the adsorption was observed at 525 nm for our solution whih
is in good results with the literature if we onsider the inuene of the polydispersity and
of the surfatant adsorbed at the surfae of the gold partiles.
In order to onrm the assoiation between the gold and the mirogel we investigate the
dierent solutions by UV-vis spetrosopy. The pure gold solution was rst measured.
A maximum in the adsorption was obtained at 525 nm whih is ommon for partiles
in this size range [277℄. On the ontrary the latex solution did not present any spei
adsorption. After adsorption of the gold (g. 4.13 A)), the plasmon maximum measured
after substration of the latex ontribution shifted from 525 to 535 nm (see inset g. 4.13
A)).
The adsorption was measured for a 0.2 gL−1 ore-shell dispersion with 0.120 gL−1 ationi
gold varying the temperature between 10 and 45
oC (see g. 4.13 B)) as desribed reently
[31, 32℄. The adsorption was found to inrease with the temperature followed by a red shift
from 535 to 543 nm between 10 and 45oC whih have been attributed to the inrease of the
loal refrative index upon mirogel ollapse for low surfae overage [31℄. The position
of the maximum λmax has been monitored for the dierent temperature and ompared to
the variation of polymer volume fration φ of the shell of unoated omposite mirogel
taken from the setion 2.1.4 (see g. 4.13 C)). The line displays the theoretial t using
the Flory-Rehner theory. The transition observed in the variation of λmax follows the
same feature as the transition in the PNIPAM network exept that the transition ours
about 2
oC before the LCST of the pure mirogel. This again orroborates the assoiation
of the gold with the mirogels.
Colloidal stability and oagulation
The stability of the partiles has been heked by adding dierent onentrations of gold
on a 2 gL−1 mirogels solution (see g. 4.14). At 32oC the system was perfetly stable.
Inreasing the temperature at 35
oC leads to the oagulation of the system for onentra-
tions higher than 0.107 gL−1. Dark red aggregates were observed, whih quikly sediment
letting a lear solution in omparison to the pure gold and ore-shell solutions. This on-
rms the assoiation of the gold with the mirogel. The system reovered its original form
25
oC after a small redispersion. The understanding of the aggregation proess is quite
hallenging. First we hek if it was orrelated to the ratio between gold and mirogels.
For the same partile ratio but after a dilution by ten the system did not aggregate. We
onsidered the inuene of the gold onentration for dierent latex onentration. For a
onentration of 0.160 gL−1 the system was found to aggregate for 2 and 0.2 gL−1 latex
onentrations. Thus, the onentration of gold and not the number ratio gold/mirogels
seems to be the determinant fator for the reversible oagulation at high temperatures.
The omposite mirogels are sterially stabilized by the PNIPAM shell and eletrostati-
ally due to the use of an anioni initiator and to the remaining SDS providing from the
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Figure 4.14: Stability and oagulation of the solutions as funtion of the gold onentration and of
the temperature. The dierent solutions are from the right to the left: a pure 2 gL−1
ore-shell solution, a 2 gL−1 ore-shell solution + 0.054, 0.107, 0.160, 0.220, 0.280
gL
−1
gold respetively and a pure 0.2 gL−1 gold solution. All solutions were observed
rst at 32
o




C. The samples at 25
oC were redispersed to point
out the reversibility of the oagulation proess.
synthesis. As disussed in the setion 4.1, addition of salt redues the Debye length and
the stability of the system at high temperature. Fig. 4.12 learly shows this eet in term
of a diminution of the zeta potential with inreasing gold onentration. It is still not
fully understood how the gold nanopartiles and the remaining surfatant ontribute to
the sreening of the eletrostatis.
Eletri dipoles formation and dynami lusters
The former experiments learly show the assoiation of the gold with the mirogels. Never-
theless the struture of the omplex has not been investigated until now. For this purpose
dynami light sattering was performed on the solution 1, 2 and 3 of the g. 4.11 at 23,
33 and 45
oC (see g. 4.15). Solution 2 and 3 orresponds to a number ratio between
gold and mirogel of 0.47 and 0.93, whereas the solution 1 refers to the pure omposite
mirogels. After addition at 23
oC of the gold the solution develops large luster as an
be diretly see on the orrelation funtion at 90
o
(g. 4.15 A)). In order to evaluate the
size of the luster the angular dependene of the deay rate Γ has been evaluated from
the seond umulant analysis. Plotting Γ versus q2 presents a linear dependene and thus
allows the determination of the diusion oeient from the slope (g. 4.15 B)). Fig.
4.15 C) displays the hydrodynami radius derived from the Stoke-Einstein relation as for




































Figure 4.15: A) normalized eld autoorrelation funtion for the solution 1 (down triangles), 2
(irles) and 3 (squares) measured at 23
oC. B) Dependene on Γ on the squared
sattering vetor q2 for the three orresponding solutions. C) Hydrodynami radius
obtained from the linear extrapolation as funtion of the gold onentration at 23
oC
(full irles), 33
oC (squares) and 45oC (down triangles). Lines are here to guide
the eyes.
hydrodynami radius from 113 to 170 and 440 nm for number ratio of 0.47 (solution 2)
and 0.93 (solution 3). Moreover the hydrodynami radius was found to derease with
inreasing temperature following the same feature as for the pure mirogels as already ob-
served from the former analysis (see g. 4.15 C)). The addition of gold thus results in the
formation of stable lusters. The dierent solutions have been investigated by transmis-
sion eletron mirosopy (TEM), sanning eletron mirosopy (SEM) and sanning fore
mirosopy (SFM) (see g. 4.16). The TEM mirograph presents the solution 4 freshly
prepared absorbed on a arbon grid after blotting the liquid exess. SEM was performed
on the solution 2. The two months old solution was spin oated on siliium wafer. SFM
was performed on the solution 2 and 3 after dipoating on mia. Both gold and mirogels
ould be learly distinguished from their dierene in size and ontrast. The dierent
preparations have been onsidered to determine the inuene of the substrate (neutral in
the ase of the arbone grid, negative for siliium and mia) during the drying proess.
The dierent mirosopies and preparations lead to the same result, most of the gold
is adsorbed on the omposite mirogels. The adsorption is not uniform and many free
omposite mirogels are free whereas, some of them bear up to three gold nanopartiles.
No luster in term of a dense aggregates between many gold nanopartiles and omposite
mirogels ould be observed on the dierent mirographs. Fig. 4.16 D) fousses on one
of this dipole. The SFM learly images the PNIPAM shell adsorbed on the surfae. The
gold is strongly orrelated to the shell as an be seen from the deformation of the shell.
The dashed lines indiates the radius of the polystyrene ore determined by TEM, and
the radius of the ore-shell and gold partiles measured by DLS. These dierent methods
gives a good estimation of the size of the dierent partiles.
Following the dierent investigations we onsider that the assoiation of the two oppositely
harged partiles results in the formation of luster omposed of one mirogels bearing
one to three gold nanopartiles. In solution the strong asymmetry of the lusters results
in the formation of eletri dipoles whih rearrange in solution in larger dynami luster
as shown by the dynami light sattering experiments.
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Figure 4.16: A) TEM mirographs of the solution 4. B) SEM mirographs of the solution 3.
C) SFM mirographs of the solution 2 (links: height, right: phase). D) Phase
ontrast of a single dipole. The long dashed line refers to the average radius of the
ore partiles equal to 52 nm as determined by ryogeni eletron mirosopy (see
setion 2.2). The short dashed line gives presents the hydrodynami radius of the
pure ore-shell partiles determined by DLS at 23
oC (=113 nm) and the dotted line
the average radius of the gold nanopartiles determined by TEM (=22.7 nm). E)
SFM mirographs of the solution 3 (links: height, middle:amplitude, right: phase)
4.2.4 Summary
Cationi gold nanopartiles have been adsorbed on anioni ore-shell partiles onsisting
on a polystyrene ore and a rosslinked PNIPAM shell. The dierene of size between the
small gold nanopartiles and the larger omposite mirogels allows the adsorption of in
average up to one gold for one mirogel. The orrelation between the two partiles was
learly demonstrated by zeta potential measurement, UV vis spetrosopy and dynami
light sattering. Moreover above the volume phase transition temperature of the mirogels
for a gold onentration higher than 0.160 gL−1 the system reversibly oagulate as shown
by diret observation.
Whereas dierent mirosopies orroborate the assoiation of the gold with one mirogel,
and the formation of separated lusters, the dynami light sattering demonstrates the
formation of larger omplex in solution. We attributed this eet to the formation of
eletri dipoles whih dynamially reorganize into larger strutures.
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4 Assoiation
The assoiation between ationi anorgani partiles and anioni organi systems opens a
new fasinating researh eld. First it is a new and simple way to obtain Janus partiles
based on eletrostati interations, keeping the funtionality of both omponents known
for their appliations in drug delivery and gene therapy. The thermosensitivity of the
system an also be used to ahieve a reversible oagulation proess. Combined to the
adsorption this approah ould be applied in ontrol released or in puriation proesses.
Moreover the formation of eletri dipoles results into a dynami reorganization of the sys-




This thesis reports the synthesis, haraterization, dynamis and assoiation of ther-
mosensitive ore-shell partiles. The partiles onsist of a solid ore of poly(styrene)
with a thin layer of poly(N-isopropylarylamide) (PNIPAM) onto whih a network of
PNIPAM is axed. The ore-shell partiles were synthesized in a two-step reation. The
ore partiles were obtained by emulsion polymerization and used as seed for the radial
polymerization of the ross-linked shell. The degree of rosslinking of the PNIPAM
shell eeted by the rosslinker N,N ′-methylenebisarylamide (BIS) was varied leading
between 1.25 and 5 mol%. Immersed in water the shell of these partiles is swollen at
low temperatures. Raising the temperature above 32
o
C leads to a volume transition
within the shell. Cryogeni transmission eletron mirosopy (Cryo-TEM), small angle
X-ray sattering and dynami light sattering have been used to investigate the struture
and swelling of the partiles. Cryo-TEM mirograph show diretly inhomogeneities of
the network. Moreover, a bukling of the shell from the ore partile was observed. The
bukling inreases with dereasing degree of rosslinking. A omparison of the overall size
of the partiles determined by DLS and Cryo-TEM demonstrates that the hydrodynami
radius provides a valid measure for the size of the partiles. The phase transition in
the PNIPAM network has been for the rst time diretly imaged by ryo-TEM. The
swelling behavior of the partiles measured by DLS ould be desribed suessfully by
the Flory-Rehner theory. It was shown that this model aptures the main features of the
volume transition within the ore-shell partiles inluding the dependene of the phase
transition on the degree of rosslinking.
A quantitative method was developed to aess to the struture of olloidal latex partiles
in dilute suspension at room temperature by ryo-TEM. The density prole derived from
the ryo-TEM mirographs by image proessing for the ore and ore-shell partiles
was ompared to the results obtained by SAXS. Full agreement was found for the ore
partiles. The disrepany between the two methods in ase of the ore-shell partiles
was attributed to the bukling of the network axed to the surfae. The bukling, learly
visible in the ryo-TEM pitures is a dynami phenomenon and the overall dimensions
derived from ryo-TEM agree well with the hydrodynami radius of the partiles. The
present analysis shows that SAXS is only sensitive to the average radial struture.
This work demonstrates that ryo-TEM mirographs an be evaluated to yield quan-
titative information about the average and loal struture of olloidal partiles in solution.
The phase diagram and the olloidal rystallization of the dierent systems was investi-
gated by a ombination of diret observation, polarized optial mirosopy and rheology.
The eetive volume fration of the partiles as derived from their hydrodynami radius
RH provides the base for all further analysis. After addition of 5.10
−2 M KCl all
dispersions rystallize at volume frations above 0.5. The resulting phase diagram is
123
5 Synopsis
idential to the phase behavior of hard spheres for rosslinkings higher than 1.25 mol.%.
This demonstrates that the ore-shell mirogels an be treated as hard spheres up to
volume frations of at least 0.55. These suspensions an thus be used as model systems
for rheologial experiments.
We onsidered the dynamis of these model dense olloidal suspensions at the glass
transition. For this purpose a new instrument and its alibration was rst presented.
The piezoeletri axial vibrator (PAV) is a squeeze-ow rheometer working at frequenies
between 1 and 3000 Hz. It an be used to measure the storage modulus G′ and the
loss modulus G′′ of omplex uids in this frequeny range. Using polymer solutions
with known G′ and G′′ it is shown that the PAV gives reliable mehanial spetra for
frequenies between 10 and 3000 Hz. The measurements done with the PAV were
ombined with a onventional mehanial rheometer (10
−3
-15 Hz) and a set of torsional
resonators (13, 25, and 77 kHz) to obtain G′ and G′′ between 10−3 Hz and 77 kHz, whih
represents more than seven deades. It was demonstrated that the ombination of the
three devies gives the entire mehanial spetra without resort to the time-temperature
superposition priniple.
The onnetion between equilibrium stress utuations as measured in the frequeny
dependent linear shear moduli, G′(ω) and G′′(ω), and the shear stresses under strong
ow onditions far from equilibrium σ(γ˙), viz. ow urves was investigated. Data
over an extended range in shear rates and frequenies were ompared to theoretial
results from integrations through transients and mode oupling approahes developed
by the Prof. Matthias Fuhs and his oworkers. The mirosopi mehanisms and
approximations inherent in the theoretial approahes were disussed. The onnetion
between non-linear rheology and glass transition was laried. For the rst time in the
rheology of suspensions we ahieved a semi-quantitative desription of both regimes with
the same model. While the theoretial models desribes the data taken in uid states
and the predominant elasti response of glass, a yet unaounted dissipative mehanism
was identied in glassy states. This proves that the dynamis of olloidal dispersions an
be onsidered on a pure statistial matter. Nevertheless additional proesses like ageing
or hopping are still not fully desribed by the theory whih implies further developments
of the model in the future.
In presene of salt the omposite ore-shell partiles reversibly aggregate above the
Low Critial Solution Temperature (LCST) at 33
o
C. The kinetis of reversibility of the
phenomenon was investigated by dynami light sattering. As shown by the rheologial
measurements in the semi-dilute and onentrated regime the onset of the attrative
interations above the LCST leads to a strong thikening of the solution followed by
a phase separation. This eet was applied loally for solutions, maintained lose to
LCST, after irradiation with a foused laser. Reversible miro-aggregates of a few µm
diameter were obtained in the irradiated area under this loal heating. The tunabil-
ity and reversibility of the system presents a great advantage to extend the present
investigations to the understanding of omplex olloidal solutions in the attrative regime.
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Cationi gold nano-partiles were synthesized and adsorbed onto the anioni ore-shell
partiles. The assoiation between the two partiles was investigated via turbidimetri
titration, eletrophoreti mobility measurements, UV-visible spetrosopy, dynami
light sattering, mirosopy and the stability of the solution above the volume phase
transition temperature was disussed. All analysis orroborate the orrelation between
the two partiles. Whereas the mirosopy demonstrates the formation of dened and
separated eletrostati dipoles, the dynami light sattering points out the reorganization
in solution into larger strutures.
The novelty of this dissertation relies on a detailed haraterization of thermosensitive
olloidal ore-shell partiles and a new way to quantitatively haraterize olloids by
ryo-TEM. As a main feature, the rheology of these olloidal suspensions and the un-
derstanding of the glass transition are disussed. The experimental results supported by
the appliation and omprehension of the theory provide an extended ontribution to the
dynamis of olloidal dispersions. To onlude the investigation of the aggregation in
various olloidal systems enlarges the sope of the thesis to new interesting appliations.
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6 Zusammenfassung
Im Rahmen dieser Arbeit wurden die Struktur, die Dynamik und die Assoziierung von
thermoempndlihen kolloidalen Partikeln untersuht. Die Teilhen bestehen aus einem
Polystyrol-Kern mit einer dünnen Poly-N-Isopropylarylamid-Shale (PNIPAM), die von
einem PNIPAM-Netzwerk eingehüllt ist. Die Kern-Shale-Teilhen wurden in zwei Stufen
hergestellt. Die Polystyrol-Kerne wurden durh Emulsionspolymerisierung synthetisiert
und in einem zweiten Shritt als Saat für die radikalishe Polymerisierung der vernetzten
PNIPAM-Shale verwendet. Der Vernetzungsgrad der PNIPAM-Shale konnte durh
vershiedene Konzentrationen von N,N ′-Methylenbisarylamid (BIS) zwishen 1.25 and 5
mol% eingestellt werden. Die Shale ist bei niedrigen Temperaturen in Wasser gequollen.
Durh Erwärmen auf über 32
o
C ndet ein Volumenübergang der Shale statt. Die
Struktur und das Quellungsverhalten wurden anhand von Kryo-Elektronenmikroskopie
(Kryo-TEM), Röntgen-Kleinwinkelstreuung (SAXS) und dynamisher Lihtstreuung
(DLS) untersuht. Durh Kryo-Elektronmikroskopie konnte die Unhomogenität des
Netzwerkes insitu abgebildet werden. Weiter zeigte sih mit dieser Methode, dass
die Shale niht vollständig mit dem Kern verbunden war und Verformungen (Buk-
ling) aufwies. Dieses Bukling wurde mit niedrigerem Vernetzungsgrad gröÿer. Der
Vergleih der Radien, die mit DLS und Kryo-TEM bestimmt wurden, zeigte, dass
der hydrodynamishe Radius eine zuverlässige Abshätzung der Gröÿe der Teilhen
lieferte. Der Volumenübergang in der PNIPAM-Shale wurde zum ersten Mal direkt mit
Kryo-TEM beobahtet. Shlieÿlih wurde die Flory-Rehner-Theorie erfolgreih auf die
Untersuhungen des Quellungsverhaltens mit DLS angewendet. Es gelang mit diesem
Model, den Volumenübergang der Kern-Shale-Teilhen und dessen Abhängigkeit vom
Vernetzungsgrad zu beshreiben.
Zur strukturellen Charakterisierung der kolloidalen Teilhen wurde eine quantitative
Analyse der Kryo-TEM-Aufnahmen entwikelt. Das Dihteprol der homogenen und
Kern-Shale-Teilhen wurde mit Kryo-TEM bestimmt und mit der SAXS-Analyse
verglihen. Sehr gute Übereinstimmung wurde für die homogenen Teilhen gefunden.
Der Untershied zwishen beiden Methoden bei der Analyse der Kern-Shale-Teilhen
wurde auf das Bukling des Netzwerks zurükgeführt, das in Kryo-TEM deutlih sihtbar
war. Die mittleren Gesamtdimensionen, die mit Kryo-TEM bestimmt wurden, waren in
sehr guter Übereinstimmung mit der Analyse aus der DLS. Mit SAXS konnte ebenfalls
eine gemittelte radiale Struktur erhalten werden. In der Arbeit ist es gelungen, ein
Verfahren zur erweiterten Analyse der Aufnahmen aus der Kryo-TEM zu entwikeln, mit
dem direkt quantitative Informationen über die lokale und mittlere Struktur kolloidaler
Partikel erhalten werden kann.
Das Phasendiagram und die Kristallisation der Kolloide wurden in direkter Beobahtung
und mit optisher Polarisationsmikroskopie und Rheologie untersuht. Die Basis für
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die weiteren Analysen war der eektive Volumenbruh der Teilhen, der aus dem
hydrodynamishen Radius RH erhalten wurde. Alle Dispersionen mit einem eek-
tiven Volumenbruh über 0.5 kristallisierten nah Zugabe von 5.10
−2 M KCl. Das
Phasendiagram, das für Vernetzungsgrade der Shale höher als 1.25 mol.% erhalten
wurde, war vergleihbar mit dem Phasendiagram für harte Kugeln. Es zeigte sih, dass
Kern-Shale-Mikrogele bei eektiven Volumenbrühen unter 0.55 als harte Kugeln be-
trahtet werden können und als Modelsysteme für rheologishe Experimente geeignet sind.
Die Dynamik solher konzentrierter kolloidaler Suspensionen wurde in der Nähe des
Glasübergangs untersuht. Dazu wurde ein neues Instrument, der piezoelektrishe
Axial-Vibrator (PAV), zum ersten Mal beshrieben und seine Kalibrierung durhgeführt.
Der PAV ist ein "squeeze-ow"-Rheometer, das in einem Frequenzbereih zwishen 10
und 3000 Hz betrieben wird. Die Messung der Speiher- G′ und Verlustmodule G′′
für Polymerlösungen mit bekannten Werten für G′ und G′′ zeigte, dass der PAV eine
zuverlässige Messung des mehanishen Spektrums erlaubt. Die Messungen mit dem
PAV wurden durh Messungen mit einem konventionellen mehanishen Rheometer
(10
−3
-15 Hz) und Torsionsresonatoren (13, 25, and 77 kHz) ergänzt, um das vollständige
Spektrum von G′ and G′′ zwishen 10−3 Hz and 77 kHz zu erhalten. Auf diese Weise
konnte das vollständige mehanishe Spektrum aus einer Kombination der drei Geräte
erhalten werden, ohne von der Zeit-Temperatur-Überlagerung Gebrauh zu mahen.
Der Zusammenhang zwishen den Gleihgewihtsuktuationen der Sherspannung
und den Sherspannungen unter starken Flieÿbedingungen fern vom Gleihgewiht
wurde für die kolloidalen Lösungen durh rheologishe Messungen untersuht. Dazu
wurden die frequenzabhängigen linearen Shermodule und die Flieÿkurven für endlihe
Shergeshwindigkeiten über einen groÿen Bereih von Sherraten gemessen. Die experi-
mentellen Daten wurden mit theoretishen Ergebnissen der Integration Through Transient
(ITT)- und Mode Coupling Theory (MCT)-Ansätze verglihen. Der mikroskopishe
Mehanismus und die Näherungen der beiden Ansätze wurden diskutiert und ein
Zusammenhang zwishen niht-linearer Rheologie und Glasübergang hergestellt. Die
Messungen der üssigen Systeme und das überwiegend elastishe Verhalten des Glases
konnte mit den Modellen sehr gut semi-quantitativ beshrieben werden. Dabei wurde
ein bislang niht berüksihtigter dissipativer Mehanismus erkannt. Die detaillierte
Diskussion der Ergebnisse ergab weiter, dass die Dynamik kolloidaler Dispersionen
auf rein statistisher Weise ausreihend genau beshrieben werden kann. Prozesse wie
Alterung und Hopping werden jedoh noh niht vollständig theoretish erfasst und
erfordern eine Weiterentwiklung der Modelle.
Nah Salzzugabe ndet über der kritishen Lösungstemperatur (LCST) eine reversible
Aggregation statt. Die Kinetik und Reversibilität des Phänomens in verdünnter Lösung
wurde mit DLS untersuht. Rheologishe Messungen in halbverdünnten und konzentri-
erten Lösungen zeigten, dass die Aggregation der Kolloide über der kritishen Temperatur
ein starkes Eindiken der Lösung verursahte, auf die eine Phasentrennung folgte. Dieser
Eekt konnte in Systemen, die sih nahe der kritishen Temperatur befanden, auh lokal
durh einen fokussierten Laserstrahl hervorgerufen werden. In der bestrahlten Flähe von
wenigen Mikrometern Durhmesser formten sih durh den zusätzlihen Energieeintrag
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reversibel Mikroaggregate. Das System stellt eine interessante Möglihkeit dar, die
Eigenshaften von komplexen kolloidalen Lösungen reversibel und berührungslos zu
shalten.
Shlieÿlih wurden kationishe Gold-Nanopartikel synthetisiert und an die anionishen
Kern-Shale-Teilhen adsorbiert. Die Assozierung wurde mit Trübungstitration, UV-
Vis-Spektroskopie, DLS und mikroskopishen Methoden detailliert untersuht, um ein
umfassendes Bild über dieses komplexe dynamishe System zu erhalten. Während
mikroskopish die Bildung von denierten und getrennten Dipolen beobahtet wurde,
weisen die DLS-Experimente auf eine Neuorganisierung zu gröÿeren Strukturen hin.
Die Arbeit geht im Detail auf neue Charakterisierungsmöglihkeiten von kolloidalen Kern-
Shale-Teilhen durh Kryo-TEM ein. Im Mittelpunkt stehen rheologishe Messungen
dieser Kolloidlösungen. Die Ergebnisse werden durh eine vertiefte Anwendung und Ver-
ständnis theoretisher Modelle unterstützt und erklärt und liefern erweiterte fundamentale
Erkenntnisse über das Verhalten kolloidaler Dispersionen. Die Untersuhung der Aggre-
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